ATEXTBOOK OF 


POWER SYSTEM. 
ENGINEERING 


R. K. Rajput 


Published by : 
LAXMI PUBLICATIONS (P) LTD 
113, Golden House, Daryaganj, 
New Delhi-110002 


Phone : 011-43 53 25 00 


www.laxmipublications.com 
info@laxmipublications.com 


© All rights reserved with the Author and Publishers. 


No part of this publication may be reproduced, stored in a retrieval system, or 
transmitted in any form or by any means, electronic, mechanical, photocopying, 
rocording or otherwise without the prior written permission of the publisher. 


Price : Rs. 395.00 Only. 


Offices : 

India USA 

* Bangalore (Phone : 080-26 61 15 61) © Boston 

* Chennai (Phone : 044-24 34 47 26) 11, Leavitt Street, Hingham, 
* Cochin (Phone : 0484-239 70 04) MA 02043, USA 

Guwahati (Phones : 0361-254 36 69, 251 38 81) Phone : 781-740-4487 


* Hyderabad (Phone : 040-24 75 02 47) 

* Jalandhar City (Phone : 0181-222 12 72) 

* Kolkata (Phones : 033-22 27 37 73, 22 27 52 47) 
* Lucknow (Phone : 0522-220 95 78) 

Mumbai (Phones : 022-24 91 54 15, 24 92 78 69) 
* Ranchi (Phone : 0651-230 77 64) 


EPS-0674-395-POWER SYSTEM ENGINEERING C—12796/06/07 
Laser Typesetted at : Goswami Printers, Delhi. Printed at : Ajit Printers, Delhi. 


Contents 


Chapter Pages 
1. INTRODUCTION 3—15 
li. Energy 3 

12. Power " 

13. Sources of Energy 4 
LaL 4 

1.8.2. Energy stored in water 10 


l34. Wind power 10 

1.3.5. Solar energy i 

13.6. Tidal power 12 

13.7. Geothermal energy 13 

1.3.8. Thermo-electric power 14 

14. Power Systems’ Structure 14 
Highlights. 15 
Theoretical Questions. 15 

2. STEAM POWER PLANT 16—69 
2.1. Introduction. 16 
22. Classification of Steam Power Plants 17 
. Layout of a Modern Steam Power Plant 17 
Essential Requirements of Steam Power Station Design 19 

2.6. Capacity of Steam Power Plant E 21 
2.7. Choice of Steam Conditions. 22 
2.8. Fuel Handling 23 
28.1. Introduction 23 

2.8.2. Requirements of good coal handling plant 24 

2.8.3. Coal handling systems 24 

2.84. Coal handling 25 

285. Layout of a fuel handling equipment 26 

2.9. Combustion Equipment for Steam Boilers 27 
2.9.1. General aspects 27 

2.9.2. Combustion equipment for solid fucls—selection considerations 28 

2.93. Burning of coal 28 

29.4. Burners 38 

2.10. Fluidised Bed Combustion (FBC) 40 


hted material 


2.1. Ash Handling 
2.1L1. Ash handling equipment 
2.11.2. Ash handling systems 


E55 j 


2.12.5. General layout of ash handling and dust collection system 


i 


Bee 


2.13.1. Introduction 
2.13.3. Comparison between ‘fire-tube and water tube’ boilers AT 
High pressure boilers . 
2.14. Steam Turbines 
241. Introduction - 
2.14.3. Advantages of steam turbine over the steam engines 
2.144. Description of common types of turbines 


2.14.5. Methods of reducing wheel or rotor speed 


2.15.6. Surface condensers 
2,15.7. Comparison between jet and surface condensers 


2.16.1. Classification of impurities in water 
2.16.2. Troubles caused by the impurities in water 


2.163. Methods af feed water treatment. 
2.17. Advantages and Disadvantages of Steam Power Planta 
218. Miscellaneous. 


. Useful life of steam power plant components. 
. Steam power plant pumps 

|. Cost of steam power plant 

.18.4. Comparison of various types of power plants 
2.18.5. Thermal power stations in India. 


3. DIESEL ENGINE POWER PLANT. 


3.1. Introduction 
32 — Advantages and Disadvantages of Diesel Power Plants 


Applications of Diesel Power Plant 


Site Selection 


Heat Engines 


Classification of LC. Engines 
Comparison between a Petrol Engine and a Diesel Engine 
Essential Components of a Diesel Power Plant 

3.8.1. Engine 

3. Air intake system 

3. Exhaust system 


Fuel system 


Operation of a Diesel Power Plant 


‘Types of Diese} Engines Used for Diesel Power Plants 


Layout of a Diesel Engine Power Plant 


4. GAS TURBINE POWER PLANTS 


Highlights 


Theoretical Questions. 


Gas Turbines—General Aspects 


Applications of Gas Turbine Plants 


‘Advantages and Disadvantages of Gas Turbine Power 


4.4. Site Selection 83 
4.5. The Simple Gas Turbine Plant 83 
4.6, Energy Cycle for a Simple-Cycle Gas Turbine 84 
4. Performance Terms 85 
Clandifiea Hoa af Gai Tuition Pow P " 
Classification of Gas "Turhl P 

4.10. Combination Gas Turbine Cycles 86 
4.10.L Combined turbine and steam power plants 86 
1.10.2. Combined gas turbine and diesel power plants 90 
4.10.3. Advantages of combined cycle 91 

411. Operation of a Gas Turbine 91 
4.12. Gas Turbine Power Plant Layout 92 
418. Components of a Gas Turbine Power Plant 93 
414. Various Arrangements of Gas Turbine Power Plants 91 
4.15. Effect of Thermodynamic Variables on Air Rate 100 
Highlights 102 
Theoretical Questions. 102 

5. HYDRO-ELECTRIC POWER PLANT. 104—157 
Introduction. 104 
Application of Hydro-electric Plants 105 
Advantages and Disadvantages of Hydro-electric Plants 105 
Selection of Site for a Hydro-electric Plant 106 


Essential Features/Elements of Hydro-electric Power Plant 


Chapter Pages 
5.6. Classification of Hydro-electric Power Plants 108 
5.6.1. High head power plants 109 

5.62. Medium hend power plants 110 

5.63. Low head power plants 110 

56.4. Base load plants 1 

565. Peak load plants 111 

566. Run-ofriver plants without pondage m 

5.6.7. Run-ofriver plants with pondage m 

5.68. Storage type plants 111 

5.69. Pumped storage plants 112 
5.6.10. Mini and microhydel plants 113 

5.7. Hydraulic Turbines 113 
5.7.1, Classification of hydraulic turbines 113 

5.7.2. Description of various types of turbines 115 

5.13. Specific spoed of a turbine 121 

5.7.5. Cavitation 122 

5.7.6. Performance of hydraulic turbines 123 

5.1.7. Governing of hydraulic turbines 126 

5.7.8. Selection of turbines 129 

5.8. Plant Layout 130 
59. Hydro-plant Auxiliaries 130 
5.10. Cost of Hydro-plant 131 
5.11. Average Life of Hydro-plant Components 131 
5.12. Hydro-plant Controls 131 
5.18. Electrical and Mechanical Equipment in a Hydro-plant 132 
5.14. Combined Hydro and Steam Power Plants 133 
5.15. Comparison of Hydro-power Station with Thermal Power Stations 134 
5.16. Underground Hydro-plants 135 
5.17. Automatic and Remote Control of Hydro-station 186 
5.18. Safety Measures in Hydro-electric Power Plants 187 
5.19. Preventive Maintenance of Hydro-plant 137 
5.20. Calculation of Available Hydro-power 138 
5.21. Cost of Hydro-power 138 
522. Hydrology 139 
5.22.1. Introduction 139 
5223. The hydrologic cycle 139 
5.22.3. Measurement of run-off 140 
5.224. Hydrograph 141 

5225. Flow duration curve 144 
5226. Mass curve 145 

523. Hydro-power Development in India 146 
Highlights 155 
Theoretical Questions 156 
Unsolved Examples 157 


6. NUCLEAR POWER PLANT 


6.1. 


General Aspects of Nuclear Engineering 


6.2. 
63. 


6.4. 


6.1.1.__Nuclear structure 
@12 s p- 
6.13. Isotopes 

6.14. Radioactivity 

6.14 Nuclear radiation 


6.1.12. Nuclear fusion 

6.1.13. Comparison of fission and fusion processes 
Nuclear Power Systems 

Nuclear Reactors 

6.3.1. Introduction 

6.3.2. Classification of nuclear reactors 

6.3.3. Essential components of a nuclear reactor 


6.3.4. Power of a nuclear reactor 
Main Components of a Nuclear Power Plant 


6.5. Description of Reactors 


6.5.2. Boiling water reactor (BWR) 


Selection of Materials for Reactor Components 


1.22. Wind availability and measurement 
7.2.3. Types of wind mills 

7.94. Wind-electric generating power plant 
72.5. Types of wind machines 

1.2.6. Wind-powered battery chargers 


BEEE f H 


25 
22 


SSSSEBEEEE 


175 
175 
177 


EEEBBEE 


SPEESEE 


BEEBBEBE [ B 


Chapter Pages 
7.2.7. Wind electricity in small independent grids. 205 
7.28. Wind electricity economics 205 
7.29. Problems in operating large wind power generators 206 
13. Tidal Power Plants 206 
221. Introduction 208 
7.3.2. Components of tidal power plants 206 
7.33. Classification and operation of tidal power plants 207 
7.84. Advantages and limitations of tidal power generation 209 
74. Solar Power Plants 209 
74.1. Solar energy-general terms and introduction 209 
7.4.2. Collectors in various ranges and applications 210 
74.3. Flat plate collectors 211 
7.4.4. Focusing (or concentrating) collectors 213 
7.4.5. Solar pond technology 214 
7.4.6. Low temperature thermal power generation 216 
7.4.7. Medium temperature systems using focusing collectors 217 
7.4.8. High temperature systems-solar farm and solar tower plant 218 
7.5. Geothermal Power Plants 219 
7.5.1. Geothermal energy 219 
7.5.2. Geothermal sources 220 
7.53. Geothermal power estimates 222 
7.54. Environmental problems 222 
7.5.5, Applications of geothermal energy 222 

7.5.6. Advantages and disadvantages of geothermal energy 
over other energy forms 223 
7.6. Direct Energy Conversion Systems 223 
161. ic conversion system 228 
716. Thermionic conversion system 226 
1,653. Photovoltaic power system 228 
764. Magnetohydrodynamic (MHD) system 231 
7.6.5. Electrostatic mechanical generators 234 
7.6.6. Electro gas-dynamic generators (EGD) 234 
7.6.7. Fuel cells 235 
Nuclear batteries 237 
Highlights 239 
‘Theoretical Questions 239 
8. COMBINED OPERATION OF DIFFERENT POWER PLANTS 240—257 
81. General Aspects. 240 
82. Advantages of Combined Operation of Plants 240 
Hydro-clectric (storage type) Plant in Combination with Steam Plant 244 

Pump Storage Plant in Combination with Steam 

or Nuclear Power Plant 245 
8.7. Co-ordination of Hydro-electric and Gas Turbine Stations 246 


Chapter Pages 


88. Co-ordination of Different Types of Power Plants 246 
Theoretical Questions 255 
Unsolved Examples Pi 256 

9. ECONOMICS OF POWER GENERATION 258—339 
Introduction 258 
Terms and Definitions 258 
Principles of Power Plant Design 261 

94. Location of Power Plant 262 
9.5. Layout of Power Plant Building 262 
9.6. Cost Analysis 263 
9.7. Selection of Type of Generation 267 
SS E mE m 267 
267 

Selection of prime: of prime-movers 268 

T Selection of size and number of generating units 268 
Economics in Plant Selection 270 
Factors Affecting Economics of Generation and Distribution of Power 2n 

How to Reduce Power Generation Cost ? 272 
Power Plant—Useful Life 272 
Economics of Hydro-electric Power Plants 273 
Economics of Combined Hydro and Steam Power Plants 274 
Performance and Operating Characteristics of Power Plants 274 
Economic Load Sharing 276 

Tariff for Electrical Energy 307 
9.17.1. Introduction 307 
9.17.2. Objectives and requirements of tariff 307 
9.17.3. General tariff form 307 
Highlights 329 
Theoretical Questions : 330 
Unsolved Examples. " 330 

10. INTERCONNECTED SYSTEMS 340—380 
10.1. Introduction " 340 
10.2. Advantages and Limitations of Interconnected System se 340 
10.3. Parallel Operation of Alternators 341 
1. Requirements for paralleling 341 

2. Alternator synchronising procedure 341 

3. Synchronising current, power and torque 344 

4. Effect of reactance 349 

.3.5. Effect of increasing the excitation of one of the alternators : 349 

8. Effect of increasing the driving torque of one of the alternators 350 

7. Effect of changes in speed of one of the alternators 350 

8. Effect of unequal voltages 350 

9. Distribution of load 351 


10.3.10. Load sharing between two alternators 


Chapter 


10.3.11. Hunting of aiternators 
10.3.12. Synchronous machines on infinite bus-bars 


10.4.1. General asj 
10.4.2. Load sharing 
3. Power limit of i 


10.44. Voltage, frequency and load control 
10.4.5. Load ing 
Highlights 

‘heoretic tio: 


11.1. Introduction 

1L2. Electric Supply System 

113. Comparison between D.C. and A.C. Systems of Transmission 
[nter 


114. Advantages and Limitations of High Transmission Voltage 


115. Systems of Power Transmission 
1L6. Comparison of Volume of Conductor Material 
11.6.1, Overhead system 
116.2. Underground system 
1L7. Choice of Transmission Voltage 
1L8. Conductor Size and Kelvin'a Law 
Highlights. 
Theoretical Questions 
Unsolved Examples 


12. MECHANICAL DESIGN OF OVERHEAD LINES 
12.1. Introduction 
12.2. Main Component of Overhead Lines 


123. Conductors 
12.4. Line Supports 
125. Overhead Line Insulators 
125.1 Introduction 
12.52. Insulating materials 
12.5.3. Types of insulators 
12.54. Causes of failure of insulators 
12.5.5. Testing of insulators 
12.6.6. Potential distribution over a string of suspension insulators 
12.6. Sag in Overhead Lines 
12.7. Stringing Chart 
12.8. Vibration and Vibration Dampers 


458 
12.9.1. General aspects 458 
9.2. Theory of corona formation 459 
Factors affecting corona a 459 

. Advantages and disadvantages of corona E 459 

. Corona loss and its control 460 
12.9.6. Important terms relating to corona 460 
Highlights 465 
Theoretical Questions 466 
Unsolved Examples. et 487 


. Flux linkages F 4 

. Inductance of 2-wire (1-phase) transmission line j 414 

. Inductance of a 3-phase overhead transmission line i 415 

1225. SeltGMD and mutual-GMD 478 

133. Resistance of a Transmission Line 494 

13.4. Skin Effect and Proximity Effect. m 495 

13.5. Capacitance of Transmission Lines zi 496 

13.5.1, Concept of capacitance = 496 

13.5.2. Electric potential ass 496 
13.5.3. Capacitance of a si: two-wire 

‘overhead transmission line 498 

1254 aoad TE i SZ rj 

13.55. Capacitance of a double-circuit 3-phase overhead line ui 508 

13.5.6. Effect of earth on the capacitance of a transmission line s 504 


143. Regulation and Efficiency of a Transmission Line m 519 

144. Short Transmission Linea 519 

144.1 Single-phase lines 519 

144.2. Three-phase lines 521 
1443. Ett of bead ower Feint on aaner and 

regulation of a transmission line ài 522 

115. Medium Transmission Lines 528 

146.1. End condenser method 528 

1,52. Nominal-T method 531 


rial 


Chapter 


16. 


Pages 
14.6. Generalised Circuit Constants 541 
14.7. Long Transmission Lines 550 

14.7.1. General aspects 550 
14.72. Analysis of long transmission line-rigorous method 551 
14.7.3. Evaluation of A. D. C, D constants 553 

14.14. Surge impedance and surge impedance loading s 

of transmission lines 554 

14.7.5, Transmission line with series impedance at receiving end 558 
14.16. Transmission line with series impedance at the sending end 559 
14.7.7. Transmission line with series impedance at both ends 560 
14.7.8. Transmission line with transformers at both ends 562 
14.7.9. Equivalent T-network of a long transmission line 564 
14.7.10. Equivalent n-network of a long transmission line 565 
14.7.11. Constant voltage transmission 566 
14.7.12. Power circle diagram 567 
14.7.13. Synchronous phase modifiers 574 

14.8. Ferranti Effect 585 
14.9. Charging Current and Losses in an Open-circuited Line 586 
Highlights. 586 
Theoretical Questions 587 
Unsolved Examples 588 

15. INTERFERENCE OF POWER LINES WITH NEIGHBOURING 
COMMUNICATION CIRCUITS. 590—596 
15.1. Introduction. 590 
15.2. Electromagnetic Effect 590 
15.3. Electrostatic Effect 502 
154. Transposition 595 

Highlights: 596 
Theoretical Questions 596 
Unsolved Examples. 596 
UNDERGROUND CABLES 597—641 
16.1. Introduction E 597 
16.2. General Construction of Cable - 597 
16.8. Insulating Materials for Cables 598 
16.4. Classification of Cables 599 
164.1. Low voltage (or L.T.) cables 600 
16.4.2. High voltage (H.T.) cables upto 11 kV 601 
16.4.3. Super tension/screened cables 601 
16.44. Extra high tension (E.H.T.) cables 603 
16.5. Laying of Underground Cables 605 
16.6. Insulation Resistance of a Single-core Cable 607 
16.7. Capacitance of a Single-core Cable 609 
16.8. The Most Economical Conductor Size in a Cable 612 
16.9. Grading of Cables 613 


17. POWER SYSTEM STABILITY 


. Capacitance of 3-core Cables 
. Heating of Cables 

. Thermal Resistance of Cables 
. Permissible Current Loading 


. Types of Cable Faults and their Location 


16.14.1. Types of cable faults 
16.14.2. Location of cable fault 


. Causes of Failure of Underground Cables 


. Operating Problems with Cables 

. Direct Current (D.C.) Cables 

. Cryogenic Cables 

. Comparison between Overhead Lines and Underground Cables 


Highlights. 
Theoretical Questions 


Unsolued Examples 


YLL. Introduction. 
17.2. Classification of Stability Conditions 


17.3. 


Steady State Stability 
.1. Maximum steady state power 


18.1. Generation and Absorption of Reactive Power 670 
182. Effect of Reactive Power on Voltage and Voltage Regulation 671 
18.3. Relations between 6Q, ôP and V at a Node 672 
184. Reactive Compensation in Power System 673 
18.5. Types of Compensators 673 
18.6. Methods of Voltage Control in Transmission System 674 
18.7. Relations between Voltage and Reactive Power, Frequency 

and Active Power 675 


Chapter Pages 

18.8. Control of Load Frequency 676 
Highlights 677 | 

Theoretical Questions 877 


19.1.1. Classification of distribution systems. 
19.12. Requirements of a distribution system 


19.1.3. Overhead versus underground system 


19.2. 
19.2.1. Types of distributors 
19.2.2. Types of loading 
19.23. D.C. distributor fed at one end 
19.24. D.C. distributor fed at both ends 
19.2.5. Ring distributor 
19.26. Three-wire D.C. system 
Ei A Duiieri 
19.1. Introduction | 
1932. AC. distribution calculations | 
19.3.3. A.C. distributors with concentrated loads *- 733 | 
a 142 
zes | 
156 | 
756 | 
| 
160—765 | 
20.1. lotroduction 160 | 
20. Extra High Voltage A.C. Transmission ps 780 | 
20.2.1. Advantages of E.H.V. transmission Be 161 | 
20.2.2._Limitations/Problema involved in E.H.V. transmission 761 | 
203. High Voltage Direct Current (H.V.D.C) Transmission " 163 | 
20.3.1, Classification of H.V.D.C. Ten 
764 | 
765 | 
165 | 
| 
21. SYMMETRICAL COMPONENTS AND FAULT CALCULATIONS 769—864 | 
21.1. Introduction 769 | 
212. Types of Faults Tm | 
213. Symmetrical Fault Calculations 770 | 
21.3.1. Percentage reactance "4 "m 


. Reactances of synchronous machines - 173 


Chapter 


21.3.3. Reactor control of short-circuit currents 


22. SWITCHES, FUSES AND CIRCUIT BREAKERS 


Short-cireuits in electrical installations and limiting methods 
222. Switches 
223. Fuses 

22.3.1. Definition of fuse 

2232. Advantages and disadvantages of a fuse 

22.3.3. Desirable characteristics of fuse element 


I 22.3.8. Difference between sub-circuit fuses, main circuit fuses, 
meter board fuses and pole fuses in an electrical installation 
22.3.9. Difference between fuse and circuit breaker 
224. Circuit Breakers 
224.1. Introduction 
224.2. Function of a circuit breaker 
22.4.3. Principle of circuit breaker 


22.4.10. Oil circuit breakers 

22.4.11. Water type circuit breaker 

22.4.12. Air blast circuit breakers 

22.4.13. Sulphur hexafluoride (SF,) circuit breakers 


Chapter 


22.4.14. Vacuum circuit breakers 
22.4.15. Low voltage circuit breakers 
22.4.16. Ratings of circuit breakers 
22.4.17. Testing of circuit breakers 
22.4.18. Autoreclosing 
22.4.19. Maintenance of circuit breakers 
22.4.20. Switchgear components 
22.4.21. Bus-bar arrangements 

22.5. Control Room-Power Station 
Highlights. 


Theoretical Questions 
Unsolved Examples 


23. PROTECTIVE RELAYS 


23.1. Protective System—General Aspects 
23.2. Protective Relays—Introduction 
23.3. Classification of Relays 
23.4. Electromagnetic Attraction Relays 
234.1. Attracted armature type relay 
23.4.2. Solenoid type relay 
23.4.3, Balanced beam type relay 
23.5. Thermal Relay 
23.6. Buchholz Relay 
23.7. Electromagnetic Induction Relays 
23.8. Induction Type Non-directional Over-current Relay 
23.9. Induction Type Directional Power Relay 
23.10. Induction Type Directional Overcurrent Relay 
23.11. Differential Relays 
23.11.1. Current differential relay 
23.11.2. Voltage balance differential relay 


23.13.1. Definite-distance type impedance relay 
23.13.2. Time-distance impedance relay 

23.14. Reactance Type Distance Relay 

23.15. Mho Type Distance Relay 

23.16. Universal Torque Equation 

23.17. Static Relays 
23.17.1. Introduction 
23.17.2. Merits and demerits of static relays 
23.17.3. Applications of static relays 
23.17.4. Electronic circuits commonly used in static relays 
23.17.5. Analog circuits used in static relay 
23.17.6. Different static relays 
Highlights. 
Theoretical Questions 


ion of Alternat hronous Generators à 947 
24.1.1. Types of faults in alternators 
24.12. Protection against stator faults by percentage 
differential relays (Merz-Price protection system) .. à 949 


24.13. Balanced earth-fault protection 950 
24.14. Stator inter-turn protection. 951 
24.15. Unbalanced loading of the alternator 957 
24.1.6. Overload (or overcurrent) protection 957 
24.17. Failure of prime-mover 957 
24.18. Overvoltage protection 958 
24.19. Restricted earth fault protection of alternator 958 
24.1.10. Stand-by earth fault protection 959 
24.1.11. Rotor fault protection 959 
242. Protection of Transformers 960 
24.2.1. Buchholz protection 960 
24.2.2. Core-balance leakage protection 961 
24.23. Combined leakage and overload protection i 961 
2424. Differential protection for transformers M 962 
242.5. Interlocked overcurrent protection in the transformer 
protection scheme 966 
Highlights 967 
Theoretical Questions à 967 
Unsolved Examples E 968 
25, PROTECTION OF BUS-BARS AND LINES/FEEDERS 969—983 
251. Introduction 969 
25.2. Bus-har Protection 969 
25.2.1. Differential protection su 970 
25.2.2. Fault bus protection m 970 
25. Protection of Lines/Feeders 971 
25.3.1, Requirements of line protection i 971 
25.3.2. Protection schemes for line/feeder protection 971 
Highlights 982 
Theoretical Questions. 982 


CO-ORDINATION 

26.1. Introduction 984 

26.2. Causes of Overvoltages 984 

26.3, Internal Causes of Overvoltages 985 

264. External Causes of Overvoltages-Lightning 986 
264.1. Process of lightning discharge 987 
264.2. Types of lightning strokes 988 
26.4.3. Protection against overvoltages and lightning 989 
26.4.4. Types of lightning arresters 991 


Chapter Pages 
26.4.5. Surge absorber > 906 

26.4.6. Rating of lightning arrester - 997 

264.7. Tests on lightning arresters id 998 

26.5. Insulation Co-ordination " 998 
Highlights 999 
Theoretical Questions 1000 

27. NEUTRAL EARTHING (GROUNDING) 1001—1015 
ZLL Introduction 1001 
27.2. Objects of Earthing 1001 
27.3. Advantages of Earthing 1002 
27.4. Necessity of Neutral Earthing 1002 
27.5. Methods of Neutral Earthing 1004 


28.7. Symbols for Circuit Elements/Equipment in Sub-stations 1020 
28.8, Equipment for Sub-stations and Switchgear Installations 1020 
28.9. Key Diagram of 11 kV/400 V Indoor Sub-station 1023 
28.10. Earthing oy 1023 

Highlights. 1026 

Theoretical Questions 1026 
OBJECTIVE TYPE QUESTIONS BANK—WITH ANSWERS 1027—1080 


Copyrighted material 


. Interconnected Systems 


PART-I : GENERATION 


Steam Power Plant 
Diese! Engine Power Plant 

Gas Turbine Power Plants 

Hydro-electric Power Plant 

Nuclear Power Plant 

Non-Conventional Power Generation and Direct Energy Conversion 
Combined Operation of Different Power Plants 

Economics of Power Generation 


1 


Introductory 


1.1. Energy 1.2. Power 1.3. Sources of energy—Fuels—eolid fuels—iquid fuels—gaseous fuels—calorific 
or heating values of fuels—Energy stored in water—Nuciear energy—Wind power—Solar energy—Tidal 
power—Geothermal energy—Thermo-electric power. 1.4. Power systems’ structure. Highlights—Theo- 
retical Questions. 


1.1. ENERGY 


© Energy probably was theoriginal stuff or creation. It appears in many forms, but has one 
thing in common— energy is possessed of the ability to produce a dynamic, vital effect, It 
shows itself by excited animated state assumed by material which receives energy. 

© Energy exists in various forms, eg., mechanical, thermal, electrical etc. One form of en- 
ergy can be converted into other by the use of suitable arrangements. 

e Electric energy is an essential gradient for the industrial and all-around development 
of any country. It is preferred one to the following advantages : 

(i) Can be generated centrally in bulk. 
ii) Can be easily and economically transported from one place to another over long dis- 
tances. 
(iii) Losses in transport are minimum. 
(iv) Can be easily sub-divided. 
(v) Can be adapted easily and efficiently to domestic and mechanical work. 

e Electric energy is obtained, conventionally, by conversion from fossil fuels (coal, oil, 
natural gas), the nuclear and hydro sources. Heat energy released by burning fossil fuels. 
or by fusion of nuclear material is converted to electricity by first converting heat energy 
to the mechanical form through a thermocycle and then converting mechanical energy 
through generators to the electrical form. Thermo-cycle is basically a low efficiency proc- 
ess— highest efficiencies for modern large size plants range upto 40%, while smaller plants 
may have considerably lower efficiencies. The earth has fixed non-replenishable resources 
of fossil fuels and nuclear materials. Hydro-energy, though replenishable, is also limited 
in terms of power. 

e In view of the ever increasing per capita energy consumption and exponentially rising 
population, the earth's non-replenishable fuel resources are not likely to last for a long 
time. Thus a coordinated world-wide action plan is, therefore, necessary to ensure that 
energy supply to humanity at large is assured for a long time and at low economic cost. 
The following factors needs to considered and actions to be taken accordingly : (i) Energy 
consumption curtailment ; (ii) To initiate concerted efforts to develop alternative sources of 
energy including unconventional sources like solar, tidal, geothermal energy etc. ; (iii) Re- 
cycling of nuclear wastes ; (iv) Development and application of antipollution technologies. 


4 POWER SYSTEM ENGINEERING 
1.2. POWER 


e Any physical unit of energy when divided by a unit of time automatically becomes a unit 
of power. However, it is in connection with the mechanical and electrical forms of energy 
that the term “power” is generally used. The rate of production or consumption of heat 
energy and, to a certain extent, of radiation energy is not ordinarily thought of as power. 
Power is primarily associated with mechanical work and electrical energy. Therefore, power 
can be defined as the rate of flow of energy and can state that a power plant is a unit built 
for production and delivery of a flow of mechanical and electrical energy. 

€ In common usage, a machine or assemblage of equipment that produces and delivers a 
flow of mechanical or electrical energy is a power plant. Hence, an internal combustion 
engine is a power plant, a water wheel is a power plant, etc. However, what we generally 
mean by the term is that assemblage of equipment, permanently located on some chosen 
site which receives raw energy in the form of a substance capable of being operated on in 
such a way as to produce electrical energy for delivery from the power plant. 


SOURCES OF ENERGY 


The various sources of energy are : 


(Solids— Coal, coke anthracite etc. 

1, Fuels [Ries its derivatives. Conventional 
Gases —Natural gas, blast furnace gas etc. 

2. Energy stored in water 

3. Nuclear energy 

4. Wind power 

5. Solar energy 

6. Tidal power. 

7. Geothermal energy 

8, Thermoelectric power. 

1.3.1. Fuels 


Fuels may be chemical or nuclear. Here we shall consider chemical fuels only. 

A chemical fuel is a substance which releases heat energy on combustion. The principal 
combustible elements of each fuel are carbon and hydrogen. Though sulphur is a combustible ele- 
ment too but its presence in the fuel is considered to be undesirable. 

Classification of fuels : 

Fuels can be classified according to whether : 

1. They occur in nature called primary fuels or are prepared called secondary fuels. 

2, They are in solid, liquid or gaseous state. 

‘The detailed classification of fuels can be given in a summary form as below : 


Non-conventional 


Type of fuel Natural (Primary) Prepared (Secondary) 
Solid Wood Coke 
Peat Charcoal 


Lignite coal Briquettes. 
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Liquid Petroleum Gasoline 
Kerosene 
Fuel oil 
Alcohol 
Benzol 
Shale oil. 
Gaseous Natural gas Petroleum gas 
Producer gas 
Coal gas 
Coke-oven gas 
Blast furnace gas 
Carburetted gas 
Sewer gas. 


1.3.1.1. Solid fuels 

Coal. Its main constituents are carbon, hydrogen, oxygen, nitrogen, sulphur, moisture and 
ash. Coal passes through different stages during its formation from vegetation. These stages are 
enumerated and discussed below : 

Plant debris-Peat-Lignite-Brown coal-Sub-bituminous coal-Bituminous coal-Semi-bituminous 
coal-Semi-anthracite coal-Anthracite coal-graphite. 

Peat. It is the first stage in the formation of coal from wood. It contains huge amount of 
moisture and therefore it is dried for about 1 to 2 months before it is put to use. It is used as a 
domestic fuel in Europe and for power generation in Russia. In India it does not come in the catego- 
ries of good fuels. 

Lignites and brown coals. These are intermediate stages between peat and coal. They 
have a woody or often a clay like appearance associated with high moisture, high ash and low heat. 
contents. Lignites are usually amorphous in character and impose transport difficulties as they 
break easily. They burn with a smoky flame. Some of this type are suitable for local use only. 

Bituminous coal. It burns with long yellow and smoky flames and has high percentages of 
volatile matter. The average calorific value of bituminous coal is about 31350 kJ/kg. It may be of two 
types, namely caking or non-caking. 

Semi-bituminous coal. It is softer than the anthracite, It burns with a very small amount 
of smoke. It contains 15 to 20 per cent volatile matter and has a tendency to break into small sizes 
during storage or transportation. 

Semi-anthracite. It has less fixed carbon and less lustre as compared to true anthracite and 
gives out longer and more luminous flames when burnt. 

Anthracite. It is very hard coal and has a shining black lustre. It ignites slowly unless the 
furnace temperature is high. It is non-caking and has high percentage of fixed carbon. It burns 
either with very short blue flames or without flames. The calorific value of this fuel is high to the 
tune of 35500 kJ/kg and as such is very suitable for steam generation. 

Wood charcoal. It is obtained by destructive distillation of wood. During the process the 
volatile matter and water are expelled. The physical properties of the residue (charcoal) however, 
depends upon the rate of heating and temperature. 

Coke. It consists of carbon, mineral matter with about 2% sulphur and small quantities of 
hydrogen, nitrogen and phosphorus. It is solid residue left after the destructive distillation of cer- 
tain kinds of coals. It is smokeless and clear fuel and can be produced by several processes. It is 
mainly used in blast furnace to produce heat and at the same time to reduce the iron ore. 
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Briquettes. These are prepared from fine coal or coke by compressing the material under 
high pressure. 


Analysis of coal : 
The following two types of analysis is done on the coal : 
1. Proximate analysis. 
2. Ultimate analysis. 
1. Proximate analysis. In this analysis, individual elements are not determined ; only the 
percentage of moisture, volatile matters, fixed carbon and ash are determined. 
Example. Moisture = 4.5%, volatile matter = 5.5%, fixed carbon = 20.5%. 
This type of analysis is easily done and is for commercial purposes only. 
2. Ultimate analysis. In the ultimate analysis, the percentage of various elements are de- 
termined. 
Example. Carbon = 90%, hydrogen = 2%, oxygen = 4%, nitrogen = 1%, sulphur = 15% and 
ash = 1.5%. 
This type of analysis is useful for combustion calculations. 
Properties of coal : 
Important properties of coal are given below : 
1. Energy content or heating value. 
2. Sulphur content. 
3, Burning characteristics. 
4. Grindability. 
5. Weatherability. 
6. Ash softening temperature. 
A good coal should have : 
G) Low ash content and high calorific value. 
(ii) Small percentage of sulphur (less than 1%). 
(iii) Good burning characteristics (i.e. should burn freely without agitation) so that combus- 
tion will be complete. 
(iv) High grindability index (in case of ball mill grinding). 
(v) High weatherability. 
Ranking of coal : 
ASME and ASTM have accepted a specification based on the fixed carbon and heating value 
of the mineral matter free analysis. 
© Higher ranking is done on the basis of fixed carbon percentage (dry basis). 
© Lower ranking is done on the heating value on the moist basis. 
Example. 62% C and a calorific value of 5000 kcal/kg is ranked as (62—500) rank. 
Rank is an inherent property of the fuel depending upon its relative progression in the clas- 
sification process. 


Grading of coal : 
Grading is done on the following basis : 
G) Size Gi) Heating value 
(iii) Ash content (iv) Ash softening temperature 


(v) Sulphur content. 
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|- Example. A grade written as 5—10 cm, 5000-A8-F24-S1.6 indicate the coal as having : 
—a size of 5-10 cm, 
—heating value of 5000 kcal/kg, 
—8 to 10% ash, 
—ash softening temperature of 2400—2590°F, and 
—a sulphur content of 1.4 to 1.6%. 
A rank and grade of a coal gives a complete report of the material. Thus the following are the 
rank and grade of the coal described above : 
(62—500), 5—10 cm, 500-AB-F24-81.6. 


1.3.1.2. Liquid fuels 

The chief source of liquid fuels is petroleum which is obtained from wells under the earth's 
crust. These fuels have proved more advantageous in comparison to sold fuels in the following respects. 

Advantages : 

1. Require less space for storage. 

2. Higher calorific value. 

3. Easy control of consumption. 

4. Staff economy. 

5. Absence of danger from spontaneous combustion. 

6. Easy handling and transportation. 

7. Cleanliness. 

8. No ash problem. 

9. Non-deterioration of the oil in storage. 

Petroleum. There are different opinions regarding the origin of petroleum. However, now it 
is accepted that petroleum has originated probably from organic matter like fish and plant life etc., 
by bacterial action or by their distillation under pressure and heat. It consists of a mixture of gases, 
liquids and solid hydrocarbons with small amounts of nitrogen and sulphur compounds. In India the 
main sources of petroleum are Assam and Gujarat. 

Heavy fuel oil or crude oil is imported and then refined at different refineries. The refining of 
crude oil supplies the most important product called petrol. Petrol can also be made by polymeriza- 
tion of refinery gases. 

Other liquid fuels are kerosene, fuels oils, colloidal fuels and alcohol. 

‘The following table gives composition of some common liquid fuels used in terms of the ele- 
ments in weight percentage. 


Fuel Carbon Hydrogen Sulphur Ash 
Petrol 85.5 144 01 — 
Benzene 917 80 o3 — 
Kerosene 86.3 13.6 01 oa 
Diesel oil 86.3 128 09 - 
Light fuel oil 86.2 12.4 14 
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Important properties of liquid fuels : 


(1) Specific gravity (2) Flash point 
(8) Fire point (4) Volatility 
(5) Pour point (6) Viscosity 
(7) Carbon residue (8) Octane number 
(9) Cetane number (10) Corrosive property 
(11) Ash content (12) Gum content 
(18) Heating value (14) Sulphur content. 


‘The requisite properties vary from device to device which uses the fuel to generate power. For 
example, higher the octane number, higher can be the compression ratio and the thermal efficiency 
will be higher. Similarly, the cetane number of a diesel oil should be as high as possible, 

In general the liquid fuels should have : 


(i) Low ash content Gi) High heating value 

(iii) Low gum content (iv) Less corrosive tendency 
(v) Low sulphur content (vi) Low pour point. 
Viscosity and other properties vary from purpose to purpose to which the fuel is employed. 
1.8.1.3. Gaseous fuels 


Natural gas. The main constituents of natural gas are methane (CH,) and ethane (C,H,). It 
has calorific value nearly 21000 kJ/m?. Natural gas is used alternately or simultaneously with oil 
for internal combustion engines. 

Coal gas. This gas mainly consists of hydrogen, carbon monoxide and hydrocarbons. It is 
prepared by carbonisation of coal. It finds its use in boilers and sometimes used for commercial 
purposes. 

Coke-oven gas. It is obtained during the production of coke by heating the bituminous coal. 
‘The volatile content of coal is driven off by heating and major portion of this gas is utilised in heating 
the ovens. This gas must be thoroughly filtered before using in gas engines. 

Blast furnace gas. It is obtained from smelting operation in which air is forced through 
layers of coke and iron ore, the example being that of pig iron manufacture where this gas is pro- 
duced as by product and contains about 20% carbon monoxide (CO). After filtering it may be blended 
with richer gas or used in gas engines directly. The heating value of this gas is very low. 

Producer gas. It results from the partial oxidation of coal, coke or peat when they are burnt 
with an insufficient quantity of air. It is produced in specially designed retorts. It has low heating 
value and in general is suitable for large installations. It is also used in steel industry for firing open 
hearth furnaces. 

Water or Illuminating gas. It is produced by blowing steam into white hot coke or coal. The 
decomposition of steam takes place liberating free hydrogen and oxygen in the steam combines with 
carbon to form carbon monoxide according to the reaction : 

C+H,0— CO+H, 

‘The gas composition varies as the hydrogen content if the coal is used. 

Sewer gas. It is obtained from sewage disposal vats in which fermentation and decay occur. 
It consists of mainly marsh gas (CH,) and is collected at large disposal plants. It works as a fuel for 
gas engines which is turn drive the plant pumps and agitators. 

Gaseous fuels are becoming popular because of following advantages they possess : 


Advantages : 
1. Better control of combustion. 
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2. Much less excess air is needed for complete combustion. 

3. Economy in fuel and more efficiency of furnace operation. 

4. Easy maintenance of oxidizing or reducing atmosphere. 

5. Cleanliness. 

6. No problem of storage if the supply is available from public supply line. 

7. The distribution of gaseous fuels even over a wide area is easy through the pipe lines and 
as such handling of the fuel is altogether eliminated. Gaseous fuels give economy of heat and pro- 
duce higher temperatures as they can be preheated in regenerative furnaces and thus heat from hot 
flue gases can be recovered. 

Important properties of gaseous fuels : 

1. Heating value or calorific value. 

2, Viscosity. 

3, Specific gravity. 

4. Densit; 
5. Diffusibility. 

Typical composition of some gaseous fuels is given below : 


Fuel H, CO CH, CH, Cj, CH, O, CO, N, 
Natural gas HE M icr ee ee 
Coal gas 536 90 25 — — 8 04 8 6 
Blastfurnacegas 2 01 —  —  —  — — Hu -— 


1.5.1.4. Calorific or heating values of fuels 

The calorific value of the fuel is defined as the energy liberated by the complete oxidation of 
a unit mass or volume of a fuel. It is expressed in kJ/kg for solid and liquid fuels and kJ/m? for gases. 
hich contain hydrogen have two calorific values, the higher and the lower. The ‘lower 
tho heat liberated per kg of fuel after deducting the heat necessary to vaporise the 
steam, formed from hydrogen. The ‘higher or gross calorific value’ of the fuel is one indicated by a 
constant-volume calorimeter in which the steam is condensed and the heat of vapour is recovered. 

The lower or net calorific value is obtained by subtracting latent heat of water vapour from 
gross calorific value. In other words, the relation between Lower Calorific Value (L.C.V.) and Higher 
Calorific Value (H.C.V.) can be expressed in the following way : 

L.C.V. = (H.C.V. — 2465 m,) 0) 

where m, is the mass of water vapour produced by combustion of 1 kg of fuel and 2465 kJ/kg is the 
latent heat corresponding to standard temperature (saturation) of 15°C. 


‘In MKS units: 


L.C.V.-(H.C. V.-588.76m,) 
where m, is the mass of water vapour produced by combustion of 1kg of fuel and 588.76 
is the latent heat value in kcal as read from steam tables for 1kg of water vapour 
Dulong's formula (Solid/liquid fules). Dulong suggested a formula for the calculation of 


the calorific value of the solid or liquid fuels from their chemical composition which is as given 
below : 


Gross calorific value, 
1 


HCV. = 
100 


[zo C+ 144000 +9270 s] kJ/kg 
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In MES units: 
363.» e [e080 c+ 24500(Ht- Q) + 22408 heal ig 


where C, H, O and S are carbon, hydrogen, oxygen and sulphur in percentages respectively in 100 kg 
of fuel. In the above formula, the oxygen is assumed to be in combination with hydrogen and only 
extra surplus hydrogen supplies the necessary heat. 


1.3.2. Energy Stored in Water 


© The energy contained in flowing streams of water is a form of mechanical energy. It may 
exist as the kinetic energy of a moving stream or as potential energy of water at some 
elevation with respect to a lower datum level, an example of which would be the water 
held behind a dam. Hydraulic plants are slowly increasing in number, although the number 
of new plants of this type built is quite small compared with those which exploit heat 
energy. As a usual thing, the most desirable hydroelectric sites are the first to be utilized, 
consequently, as more hydroelectric plants are built, the owners must pay increasingly 
higher development costs. 

e From the stand point of capitalistic economics, it is often hard to justify the development 
of hydroelectric power in comparison with steam power, but from the stand point of the 
conservation of a fixed natural resource, namely, its mineral fuels, it is obvious that every 
effort should be made to harness the water power of the country, since if unharnessed it 
goes to waste, whereas fuel, if unmined, remains intact and undiminished in value in the 
ground. 

e Water power is quite cheap where water is available in abundance. Although capital cost 
of hydroelectric power plants is higher as compared to other types of power plants yet their 
operating costs are quite low. 

1.5.3. Nuclear Energy 


‘© One of the outstanding facts about nuclear power is the/arge amount of energy that can be 
released from a small mass of active material. Complete fission of one kg of uranium con- 
tains the energy equivalent of 4500 tonnes of coal or 2000 tonnes of oil. The nuclear power 
is not only available in abundance but it is cheaper than the power generated by conven- 
tional sources. 

‘The following factors go in favour of nuclear energy : 
(i) Practically independent of geographical factors. 
(ii) No combustion products. 
(iii) Clean source of power which does not contribute to air pollution. 
(iv) Fuel transportation networks and large storage facilities not required. 

€ The economic advantage of nuclear power can be realised only if one can ensure a guaran- 
teed base load of about 75%. The number of electro-chemical processes (fertiliser plants), 
desalination of water and use of electricity for pumping water from tube wells assure a 
constant base load. Therefore, such type of power requirements must be developed before 
the adoption of nuclear power in the country. 

1.3.4. Wind Power 


€ The man has been served by the power from winds for many centuries but the total amount 
of energy generated in this manner is small. The expense of installation and variability of 
operation have tended to limit the use of the windmill to intermittent services where its 
variable output has no serious disadvantage. The principal services of this nature are the 
pumping of water into storage tanks and the charging of storage batteries. 
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© Windmill power equipment may be classified as follows : 
1. The multi-bladed turbine wheel. This is the foremost type in use and its efficiency is 
about 10 per cent of the kinetic energy of the wind passing through it. 
2. The high-speed propeller type. 
3. The rotor. 
© The propeller and rotor types are suitable for the generation of electrical energy, as both of 
them possess the ability to start in very low winds. The Propeller type is more likely to be 
used in small units such as the driving of small battery charging generators, whereas the 
rotor, which is rarely seen, is more practical for large installations, even of several hun- 
dred kilowatts’ capacity. 
© In india, the wind velocity along coastline has a range 10-16 kmph and a survey of wind 
power has revealed that wind power is capable of exploitation for pumping water from 
deep wells or for generating small amounts of electric energy. 
Modern windmills are capable of working on velocities as low as 3-7 kmph while maximum 
efficiency is attained at 10-12 kmph. 
‘© A normal working life of 20 to 25 years is estimated for windmills. 
© The great advantage of this source of energy is that no operator is needed and no mainte- 
nance and repairs are necessary for long intervals. 
y. Characteristics of wind power/energy. Some characteristics of wind energy are given 
low : 
1. No fuel provision and transport are required in wind energy systems. 
2. It is a renewable source of energy. 
3, Wind power systems are non-polluting. 
4. Wind power systems, upto a few kW, are less costly, but on a large scale, costs can be 
competitive with conventional electricity. Lower costs can be achieved by mass production. 
Problems associated with wind energy : 
1. Wind energy systems are noisy in operation. 
2. Large areas are needed to install wind farms for electrical power generators. 
3. Wind energy available is dilute and fluctuating in nature. Because of dilute form, conver- 
sion machines have to be necessarily large. 
4. Wind energy needs storage means because of its irregularity. 
1.3.5. Solar Energy 


© A lot of work to utilise solar energy for generation of steam has been done in some coun- 
tries, and it is likely that this could be developed on commercial scale. 

© A serious fault of this source of energy is, of course, that it is effective only during the day, 
so that if a continuous output is needed, some large reservoir of energy, such as a storage 
battery or a heat accumulator tank, must be drawn upon at night. Also, the output is 
handicapped if there is cloudy weather. Nevertheless, there are some locations in the 
world where strong solar radiation is received very regularly, and where the sources of 
mineral fuel are either scanty or entirely lacking. Such locations offer more interest to the 
solar power plant builder than the more favoured regions of earth. 

* For developing solar energy two ways have been explored viz., the glass lens and the 
reflector. These devices concentrate the solar rays to a focal point which is characterised 
by a high degree of heat which can be utilised to boil water and generate steam. The 
reflector ig the better of the two methods due to the convenience with which it can be 
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manufactured in different shapes and sizes. If an arrangement is provided to turn the 
reflector with the sun, so that the rays can constantly concentrate at the foccl point, a 
continuous supply of heat is made available during the hours of the day. However, a great 
deal of practical research is still necessary before the solar energy can be commercially 
exploited at a cheaper rate. 

© Conditions for utilisation of solar energy, in India, are favourable since for nearly six 
months of the year sunshine is uninterrupted during the day, while in the other six months 
cloudy weather and rain provide conditions suitable for water power. Thus, a coordina- 
tion of solar energy with water power can provide a workable plan for most places in India. 


1.3.6. Tidal Power 


© The rise and fall of tides offers a means for storing water at the rise and discharging the 
same at fall. Of course the head of water available under such cases is very low but with 
increased catchment area considerable amounts of power can be generated at a negligible 
cost. 


‘Dam 


(e) 


b) 


Fig. 1.1. Generation of power by tides. 


© The use of tides for electric power generation is practical in a few favourably situated 
sites where the geography of an inlet of bay favours the construction of a large scale 
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hydroelectric plant. To harness the tides, a dam would be built across the mouth of the 
bay in which large gates and low head hydraulic turbines would be installed. At the time 
of high tide the gates are opened and after storing water in the tidal basin the gates are 
closed. After the tide has recided, there is a working hydraulic head between the basin 
water and open sea/ocean and the water is allowed to flow back to the sea through water 
turbines installed in the dam. With this type of arrangement, the generation of electric 
power is not continuous. However by using reversible water turbine the turbine can be 
run continuously as shown in Fig. 1.1. 


1.3.7. Geothermal Energy 


In many places on the earth natural steam escapes from surface vents. Such natural steam 
wells suggest the possibility of tapping terrestrial heat (or geothermal energy) in this form and 
using it for the development of power. Unfortunately, the locations where the steam-producing sub- 
strata seem to be fairly close to the surface are far removed from centres of civilization where the 
power could be usefully employed. Nevertheless, there are probably many places where, although no 
natural steam vent or hot springs are showing, deep drillings might tap a source of underground 
steam, The cost of such explorations and the great likelihood of an unsuccessful conclusion are not 
very conductive to exploitation of this source of energy. 
‘There are two ways of electric power production from geothermal energy : 

(i) Heat energy is transferred to a working fluid which operates the power cycle. This may be 
particularly useful at places of fresh volcanic activity where the molten interior mass of earth vents 
to the surface through fissures and substantially high temperatures, such as between 450 to 550°C 
can be found. By embedding coil of pipes and sending water through them steam can be raised. 

(ii) The hot geothermal water and/or steam is used to operate the turbines directly. From the 
well-head the steam is transmitted by pipelines upto 1 m in diameter over distances upto about 


3 km to the power station. Water separators are usually employed to separate moisture and solid 
particles from steam. 


Jet condenser 
Cooling 


water in Water separator 


Condensate 
(for local use) 


Fig. 1.2. Geothermal power plant. 
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Presently, only steam coming out of the ground is used to generate electricity, the hot water 
is discarded, because it contains as much as 30% dissolved salts and minerals, and these cause 
serious rust damage to the turbine. The water, however, contains more than 4rd of the available 
thermal energy. 

1.3.8. Thermo-electric Power 

According to Seebeck effect, when the two ends of a loop of two dissimilar metals are held at 
different temperatures, an electromotive force is developed and the current flows in loop. This method, 


by selection of suitable materials, can also be used for power generation. This method involves Jow 
initial cost and negligible operating cost. 


1.4. POWER SYSTEMS’ STRUCTURE 


© The main components of an electric power system are : 

(D Generating stations. 

(ii) Transmission systems. 

Gii) Distributon systems. 
— Generating stations and a distribution system are connected through transmis- 
sion lines, which also connect one power system (grid, area) to another. 
— A distribution system connects all the loads in a particular area to the transmis- 
sion lines. 

* Individual power systems, for economical and technological reasons, are organised in the 
form of electrically connected areas or regional grids (also called power pools). Each 
area or regional grid operates technically and economically independently but these are 
eventually interconnected (Interconnection has the economic advantage of reducing the 
reserve generation capacity in each area) to form a national grid (which may even form an 
international grid) so that each area is contractually tied to other areas in respect to certain 
generation and scheduling features. 

© Electric power is generated at a voltage of 11 to 25 kV which then is stepped up to the 
transmission levels in the range of 6 to 400 kV (or higher). 

— As the transmission capability of a line is proportional to the square of its voltage, 
research is continuously being carried out to raise transmission voltages. Some of the 
countries are already employing 765 kV. 

— In India, several 400 kV lines are already in operation. 

— In the near future the voltages are expected to rise to 1200 kV. 

© It is economical to transmit bulk power by D.C. transmission for very long distances, over 
600 km, The D.C. voltages used are 400 kV and above, and the line is connected to the 
A.C. systems at the two ends through a transformer and converting/inverting equipment. 
— The first HVDC transmission line has already been commissioned and several others 

are being planned. 

* Depending upon the transmission line voltage, thefirst stepdown of the voltage from trans- 
mission level is at the bulk power station, where the reduction is to arange of 33 to 132 kV 
(Some industries may require power at these voltage levels and this stepdown is from the 
transmission and grid level to subtransmission level). In the next stepdown in voltage, at 
the distribution substation, two distribution voltage levels, normally employed are : 

— The primary or feeder voltage —11 kV. 

— The secondary or consumer voltage —415 V (3-phase)/230 V (1-phase) 

In the chapters to follow, different types of generating stations will be discussed. 
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HIGHLIGHTS 


Energy appears in many forms, but has one thing in common—energy is possessed of the ability to 
produce a dynamic, vital effect. 


@ Fuels | (ii) Energy stored in water (iii) Nuclear energy 
(iv) Wind power (v) Solar energy (vi) Tidal power 
(vii) Geothermal energy (viii) Thermoelectric power. 


A chemical fuel is a substance which releases heat energy on combustion. The principal element of each 
fuel are carbon and hydrogen. Though sulphur is a combustible element too but its presence in the fuel 
is considered to be undesirable. 
‘The principal types of power plants are : 
i) Steam plants using coal, oil or nuclear fission (ii) Internal combustion engine plants 
Gas turbine plants (io) Hydro-electric plants. 
The main components of an electric power system are 
(i) Generating stations ; (ii) Transmission systems ; (ii) Distribution systems. 


THEORETICAL QUESTIONS 
Enumerate sources of 


energy. 
What is a chemical fuel ? How does it differ from a nuclear fuel ? 
How are chemical fuels classified ? 

Explain briefly the following solid fuels : 
Lignites and brown coals, bituminous coal, and coke. 

List the advantages of liquid fuels. 

Describe the following gaseous fuels : 

Coal gas, Coke-oven gas, Blast furnace gas and Producer gas. 
What are the advantages of gaseous fuels ? 

State the factors which go in favour of nuclear energy. 

Write short notes on : 

‘Nidal power, wind power and thermoelectric power. 

Name the principal types of power plants. 

Why do we feel the necessity of using excess air for burning fuels ? 
How can the following be calculated ? 

(i) Weight of carbon in flue gases. 

(ii) Weight of flue gas per kg of fuel burnt. 


2 


Steam Power Plant 


2.1, Introduction. 2.2. Classification of steam power plants. 2.3. Layout of a modern steam 
power plant. 2.4. Essentlal requirements of steam power station design. 2.5. Selection of site 
for steam power station. 2.6. Capacity of steam power plant. 2.7. Choice of steam conditions. 
2.8. Fuel handling : Introduction—requirements of good coal handling plant—coal handling systems— 
coal handiing—layout of a fuel handling equipment. 2.9. Combustion equipment for steam bollers : 
General pec sonia Squirt redi Kil enc ordeum turae 
Stoker fring, pulverised fuel firing—pulverised fuel bumers—oil bumers—gas bumers. 2.10, Fluldised 
Bed Combustion ac) 2.11. Ash handling : Ash handling equipment—ash handling systems. 
2.12. Dust collection : introduction, removal of smoke, removal of dust and dust collectors-— uses of 
ash and dust—genera! layout of ash handling and dust collection system. 2.13. Boilers : Introduction— 
classification of boilers—comparison between fire tube and water tube' bollers—high pressure boilers. 
2.14. Steam turbines : Introduction—classification of steam turbines—advantages of steam turbine 
‘over the steam engines—description of common types of turbines—methods of reducing wheel or 
rotor speed— difference between impulse and reaction turbines—steam turbine governing and control. 
2.15. Steam condensers: Introduction—vacuum—organs of a steam condensing piant—classification 
ot condensers—jet condensers—surface condensers—comparison between jet and surface 
condensers. 2.18. Feed water treatment : Classification of impurities in water—troubles caused by 
ho impurities in water—methods of feed water treatment. 2.17. Advantages and disadvantages of 
‘steam power plants. 2.18. Miscellaneous : Useful ie of steam power plant components—steam 
power plant pumps—cost of steam power plant—comparison of various types of power plants— 
thermal power stations in India. Highlights—Theoretical Questions. 


INTRODUCTION 


A steam power plant converts the chemical energy of the fossil fuels (coal, oil, gas) into 
mechanical electrical energy. This is achieved by raising the steam in the boilers, expanding it through 
the turbines and coupling the turbines to the generators which convert mechanical energy to electrical 
energy as shown in Fig. 2.1. 


Fig. 2.1. Production of electric energy by steam power plant. 
16 
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The following two purposes can be served by a steam power plant : 

1. To produce electric power. 

2. To produce steam for industrial purposes besides producing electric power. The steam may 
be used for varying purposes in the industries such as textiles, food manufacture, paper mills, sugar 
mills and refineries ete. 


2.2. CLASSIFICATION OF STEAM POWER PLANTS 


‘The steam power plants may be classified as follows : 

1. Central stations. 

2. Industrial power stations or captive power stations. 

1. Central stations. The electrical energy available from these stations is meant for general 
sale to the customers who wish to purchase it. Generally, these stations are condensing type where 
the exhaust steam is discharged into a condenser instead of into the atmosphere. In the condenser 
the pressure is maintained below the atmospheric pressure and the exhaust steam is condensed. 

2. Industrial power stations or captive power stations. This type of power station is 
run by a manufacturing company for its own use and its output is not available for general sale. 
Normally these plants arenon-condensing because a large quantity of steam (low pressure) is required 
for different manufacturing operations, 

In the condensing steam power plants the following advantages accrue : 

(i) The amount of energy extracted per kg of steam is increased (a given size of the engine or 
turbine develops more power). 

Gi) The steam which has been condensed into water in the condenser, can be recirculated to 
the boilers with the help of pumps. 

In non-condensing steam power plants a continuous supply of fresh feed water is required 
which becomes a problem at places where there is a shortage of pure water. 


2. LAYOUT OF A MODERN STEAM POWER PLANT 


Refer Fig. 2.2. The layout of a modern steam power plant comprises of the following four 
circuits : 

1. Coal and ash circuit. 

2. Air and gas circuit. 

3, Feed water and steam flow circuit. 

4. Cooling water circuit. 

The brief descripation of these circuits is given below : 


1. Coal and ash circuit. Coal arrives at the storage yard and after necessary handling, 
passes on to the furnaces through the fuel feeding device. Ash resulting from combustion of coal col- 
lects at the back of the boiler and is removed to the ash storage yard through ash handling equipment. 

2. Air and gas circuit. Air is taken in from atmosphere through the action of a forced or 
induced draught fan and passes on to the furnace through the air preheater, where it has been 
heated by the heat of flue gases which pass to the chimney via the preheater. The flue gases after 
passing around boiler tubes and superheater tubes in the furnace pass through a dust catching 
device or precipitator, then through the economiser, and finally through the air preheater before 
being exhausted to the atmosphere. 

3. Feed water and steam flow circuit. In the water and steam circuit condensate leaving 
the condenser is first heated in a closed feed water heater through extracted steam from the lowest 
pressure extraction point of the turbine. It then passes through the deaerator and a few more water 
heaters before going into the boiler through economiser. 
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Fig. 2.2. Layout of a steam power plant. 

In the boiler drum and tubes, water circulates due to the difference between the density of 
water in the lower temperature and the higher temperature sections of the boiler. Wet steam from 
the drum is further heated up in the superheater before being supplied to the primemover. After 
expanding in high pressure turbine steam is taken to the reheat boiler and brought to its original 
dryness or superheat before being passed on to the low pressure turbine. From there it is exhausted 
through the condenser into the hot well. The condensate is heated in the feed heaters using the 
steam trapped (bled steam) from different points of turbine. 

A part of steam and water is lost while passing through different components and this is 
compensated by supplying additional feed water. This feed water should be purified before hand, to 
avoid the scaling of the tubes of the boiler. 

4. Cooling water circuit. The cooling water supply to the condenser helps in maintaining a 
low pressure in it. The water may be taken from a natural source such as river, lake or sea or the 
same water may be cooled and circulated over again. In the later case the cooling arrangement is 
made through spray pond or cooling tower. 

Components of a Modern Steam Power Plant : 

A modern steam power plant consists of the following components : 


1. Boiler 
(i) Superheater (ii) Reheater 
(iii) Economiser (iv) Air-heater 

2. Steam turbine 3. Generator 

4. Condenser 5. Cooling towers. 

6. Circulating water pump 7. Boiler feed pump 

8. Wagon tippler 9. Crusher house 
10. Coal mill 11. Induced draught fans 


12. Ash precipitators 13. Boiler chimney 
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14. Forced draught fans 15. Water treatment plant 
16. Control room 17. Switch yard. 


2.4. ESSENTIAL REQUIREMENTS OF STEAM POWER STATION DESIGN 


The essential requirements of steam power station design are : 
1. Reliability. 2. Minimum capital cost. 
3. Minimum operating and maintenance cost. 
4. Capacity to meet peak load effectively. 
5. Minimum losses of energy in transmission. 
6. Low cost of energy supplied to the consumers. 
7. Reserve capacity to meet future demands. 
The above essential requirements depend to a large extent on the following : 
(i) Simplicity of design. 
(ii) Subdivision of plant and apparatus. 
(iii) Use of automatic equipment. 
(iv) Extensibility. 


2.5. SELECTION OF SITE FOR STEAM POWER STATION 
The following points should be taken into consideration while selecting the site for a steam. 

power station : 

1. Availability of raw material. 2. Nature of land. 

3. Cost of land. 4. Availability of water. 

5. Transport facilities. 6. Ash disposal facilities. 

7. Availability of labour. 8. Size of the plant. 

9. Load centre. 10. Public problems. 


11. Future extensions. 


1. Availability of raw material. Modern steam power stations using coal or oil as fuel 
require huge quantity of it per annum. A thermal power plant of 400 MW capacity requires 5000 to 
6000 tonnes of coal per day. Therefore, it is necessary to locate the plant as far as possible near the 
coalfields in order to save the transportation charges. Besides transportation charges, a plant located 
away from the coalfields, cannot always depend on the coal deliveries in time (i) as there may be 
failure of transportation system, (ii) there may be strike etc. at the mines. For these reasons a 
considerable amount of coal must be stored at the power stations, this results in : 

@ increased investment ; 

Gi) increased space required at the site of the plant for the storage ; 
(iii) losses in storage ; and 
(iv) additional staff requirement. 

If it is not possible to locate the plant near the coalfields then the plant should be located as 
near the railway station as possible. Even if this is not possible then at least arrangement should be 
made for railway siding to the power plant so that the coal wagons can be shunted from the station 
to the site of power plant. This applies to plants using oil as fuel, as well. 

2. Nature of land. The type of the land to be selected should have good bearing capacity as 
it has to withstand the dead load of the plant and the forces transmitted to the foundation due to the 
machine operations. The minimum bearing capacity of the land should be 1 MN/m?. 
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3. Cost of land. Considerable area is required for the power stations. The cost of the land for 
that purpose should be reasonable. The large plants in the heart of big cities and near the load 
centre are not economical as the cost of land is very high. 

4. Availability of water. Steam power stations use water as the working fluid which is 
repeatedly evaporated and condensed. Theoretically there should be no loss of water, but in fact 
some make up water is required. Besides this, considerable amount of water is required for condens- 
ers. A large quantity of water is also required for disposing the ash if hydraulic system is used. It is, 
therefore, necessary to locate the power plant near the water source which will be able to supply the 
required quantity of water throughout the year. 

5. Transport facilities. Availability of proper transport facilities is another important con- 
sideration in locating the thermal power station. It is always necessary to have a railway line avail- 
able near the power station for bringing in heavy machinery for installation and for bringing the fuel. 

6. Ash disposal facilities. The ash handling problem is more serious than coal handling 
because it comes out in hot condition and it is highly corrosive. Its effect on atmospheric pollution 
are more serious as the human health is concerned. Therefore, there must be sufficient space to 
dispose of large quantity of ash. 

In a power station of 400 MW capacity 10 hectares area is required per year if the ash is 
dumped to a height of 6.5 metres. 

7. Availability of labour. During construction of plant enough labour is required. The la- 
bour should be available at the proposed site at cheap rate. 

8. Size of the plant. The expenses involved in electric transmission from a small plant are 
relatively severe, owing to the impracticability of using high voltages, so that the electric transmis- 
sion feature alone becomes dominant in the location of the plant. It case of large plants, the costs of 
transporting enormous quantities of coal and water are considerably high ; therefore, the plant 
must be located near the pit head provided the required water quantity must be available as near as 
possible. The large plants should be located close to the railroad offering adequate services. The 
‘economic significance of the large plant with small one is much greater than the mere ratio of size. 

9. Load centre. A power station must be located near the loads to which it is supplying 
power. However, a plant cannot be located near all loads. As such C.G. of the loads is determined 
with reference to two arbitrarily chosen axes, this C. G. is known as the load centre (see Fig. 2.3). 
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Fig. 2.3. Load centre. 
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The power plant should be located, as far as possible near the load centre in order to mini- 
mize the cost of transmission lines and also the losses occuring in them. 


10. Public problems. In order to avoid the nuisance from smoke, fly ash and heat discharged 
from the power plant, it should be located far away from the towns. 

11. Future extensions. The choice of the site should allow for economical extensions con- 
sistent with the estimated growth of load. 

12. Consent of Town Planning Department must be sought in case urban area is selected for 
the purpose. 


2.6. CAPACITY OF STEAM POWER PLANT 


The power plant capacity can be determined by studying the load duration curve and the 
anticipated future demands. The minimum capacity of the plant must be equal to at least the peak 
load. 

G) In case of “Small loads", it may be economical to install two units of equipment, each 
being capable of supplying the maximum demand independently. In the event of failure of one unit 
or during maintenance etc., at least one unit can be used to maintain uninterrupted supply of energy. 

(ii) In case of “medium power plants", usually the number of units is more than two with the 
total installed capacity equal to the maximum demand plus the capacity of two large uni 

Gii) "Large power plants” are generally conservately rated. In the case of steam turbines, there 
is an overload capacity of 10 to 15% of the rated capacity. With a number of units, peak load can be 
easily adjusted by overloading some units temporarily. 

The power plant load can be reduced by dropping the supply voltage. Thus a 5 percent reduc- 
tion in supply voltage results in similar reduction in the load. An electric supply undertaking has to 
maintain the voltage within 10 percent of the declared pressure as per Indian Electricity Act ; so 
during peak hours the voltage can be reduced within the allowable limits in order to meet the demand 
without use of additional units. By using this technique saving of capital cost is materialised. 

When a new unit is to be added to the existing power station, its size is decided on the follow- 


1. Effect of additional unit on the thermal efficiency of the plant. 

2. Expected rate of increase of maximum demand over the next few years. 

3. The room available for the additional unit. 

4. The suitability of the generator to the existing system regarding temperature, pressure etc. 
Rating of Units: 

Normally the output of units is classified under the following heads : 

G) Economical rating. 

Gi) Maximum continuous rating. 

A generator need not operate most economically at full load. For the most economical opera- 
tion, the present trend is towards economical running at 75-85 percent of full load. 

Maximum continuous rating of a generating unit is the maximum load at which it can be run 


continuously for several hours. It is normally 10-15 percent less than the maximum capacity of the 
unit, 
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2.7. CHOICE OF STEAM CONDITIONS 


The choice of steam conditions depends upon the following factors : 
1. Price of coal. 

2. Capital cost of the plant. 

3. Time available for erection. 

4. Thermal efficiency obtainable. 

5. The station ‘load factor’. 


‘The present trend is towards adoption of high pressures and high temperatures. The effect of 
increased pressure and temperature on the efficiency and cost of plant is illustrated with the help of 
Figs. 2.4 and 2.5. It is evident from the curves that : 

G) With the increase in pressure the efficiency obeys the ‘law of diminishing returns’. 

ii) With the increase in temperature the efficiency obeys the ‘straight line law’ indicating the 
y of adopting the highest possibe temperature. The strength of material available limits 
the adoption of high temperatures. Beyond 500°C there is a very rapid change in the physical 
properties of the material and the problem becomes complicated. With the increase in pressures the 
degree of superheat should be decreased in order to keep the total temperature within limits. 

For entirely new stations, present practice favours the use of steam pressures around 60 bar, 
but there is a profitable field for higher pressures of the order of 100 bar, when the problem is that 
of increasing thermal efficiency of existing medium pressure units. 

It may be noted that consumption of steam per kilo-watt hour decreases with the increased 
pressure, 


Steam pressure (bar) —> 


Fig. 2.4. Effect of steam pressure on cost and n (efficiency). 
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Fig. 2.5. Effect of steam temperature on cost and n (efficiency). 


Fig. 2.6 shows that as the average output of plant units increases the percentage total capital 
cost decreases. 


1 so 

{<3 £ 535 

e 550 

10 525. 

HD f 
Sze o0 20 My 
$2 i 3S0 Mw 
i: 480 BEI. 

20 30 40 50 60 70 8 30 40 50 60 70 80 90 100 


Average output (MW) —» Load (Per cent) —> 
Fig.26 Fig. 2.7 
Fig. 2.7 indicates that steam consumption decreases with increase in the capacity of the unit. 
FUEL HANDLING 
2.8.1. Introduction 


Three types of fuels can be burnt in any type of steam generating plant : 1. Solid fuel such as 
coal, 2. Liquid fuel as oil, and 3. Gaseous fuel as gas. Supply of these fuels to the power plants from 
various sources is one of the important considerations for a power plant engineer. The handling of 
these fuels is an important aspect. The following factors should be considered in selecting the fuel 
handling system : 
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1. Plant fuel rate. 
2. Plant location in respect of fuel shipping. 

3. Storage area available. 

Fuel handling plant needs extra attention, while designing a thermal power station, as al- 


most 50 to 60 percent of the total operating cost consists of fuel purchasing and handling. Fuel 
system is designed in accordance with the type and nature of fuel. 


Continuously increasing demand for power at lower cost calls for setting up of higher capac- 


ity power stations. Rise in capacity of the plant poses a problem in coal supply system from coal 
mines to the power stations. The coal from coal mines may be transported by the following means : 


1. Transportation by sea or river, 
2, Transportation by rail, 
8. Transportation by ropeways, 
4, Transportation by road, and 
5. Transportation of coal by pipeline. 
‘The pipeline coal transport system offers the following advantages : 
1. It provides simplicity in installation and increased safety in operation. 
2, More economical than other modes of transport when dealing with large volume of coal 


over long distances. 


3. This system is continuous as it remains unaffected by the vagaries of climate and weather. 
4. High degree of re 
5. Loss of coal during transport due to theft and pilferage is totally eliminated. 

6. Manpower requirement is low. 

2.8.2. Requirements of Good Coal Handling Plant 

1. It should need minimum maintenance. 

2. It should be reliable. 

8, It should be simple and sound. 

4. It should require a minimum of operatives. 

5. It should be able to deliver requisite quantity of coal at the destination during peak periods. 

6. There should be minimum wear in running the equipment due to abrasive action of coal 


particles. 


2.8.3, Coal Handling Systems 
“Mechanical handling” of coal is preferred over “manual handling” due to the following 


reasons : 


1. Higher reliability. 
2. Less labour required. 

3, Economical for medium and large capacity plants. 

4. Operation is easy and smooth. 

5. Can be easily started and can be economically adjusted according to the need. 

6. With reduced labour, management and control of the plant becomes easy and smooth. 
7. Minimum labour is put to unhealthy condition. 

8. Losses in transport are minimised. 


Disadvantages: 
1. Needs continuous maintenance and repair. 
2. Capital cost of the plant is increased. 
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3, In mechanical handling some power generated is usually consumed, resulting in less net 
power available for supply to consumers. 
2.8.4. Coal Handling 
Refer to Fig. 2.8. 


Fig. 2.8. Various stages in coal handling. 
The following stages/steps are involved in handling the coal : 
1. Coal delivery 2. Unloading 3. Preparation 4. Transfer 
5. Storage of coal 6.In-plant handling 7. Weighing and measuring 
8, Furnace firing. 
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Fig. 2.9 shows the outline of coal handling equipment. 


Fig. 2.9. Outline of coal handling equipment. 


2.8.5. Layout of a Fuel Handling Equipment 


Fig. 2.10 shows a schematic layout of a fuel handling equipment of a modern steam power 
plant where coal (a solid fuel) is used. Brief description is as follows : 


Wagon balance 


Fig. 2.10. Layout of a fuel handling equipment. i 
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— Coal is supplied to the power plant in railway wagons. 

— After weighing on wagon balance the coal is then unloaded into underground hoppers or 
bunkers. The wagon can be unloaded either manually or through rotary wagon tipplers. 

— From the bunkers, the coal is lifted by conveyor to the transfer tower from where it can be 
delivered either to the fuel store or by a conveyor to a crusher. 


— The coal is then passed through the magnetic separators and screens and crushed in 
crushers into pieces 25 to 30 mm in size for stoker firing and 10 to 20 mm when pulverished 
fuel is fired in boiler furnaces. The crushed coal in the later case is milled to a fine powder 
and then it is carried through automatic weigher to a transfer tower where fuel is lifted 
and distributed between boiler hoppers by a conveyor. 


2.9. COMBUSTION EQUIPMENT FOR STEAM BOILERS 


2.9.1. General Aspects 


The combustion equipment is a component of the steam generator. Since the source of heat is 
the combustion of a fuel, a working unit must have, whatever, equipment is necessary to receive the 
fuel and air, proportioned to each other and to the boiler steam demand, mix, ignite, and perform 
any other special combustion duties, such as distillation of volatile from coal prior to ignition. 
© Fluid fuels are handled by burners ; solid lump fuels by stokers. 
e In boiler plants hand firing on grates is practically unheard of nowdays in new plants, 
although there are many small industrial plants still in service with hand firing. 
© The fuels are mainly bituminous coal, fuel oil and natural gas mentioned in order of im- 
portance. All are composed of hydrocarbons, and coal has, as well, much fixed carbon and 
little sulphur. To burn these fuels to the desired end products, CO, and H,O, requires (i) 
air in sufficient proportions, (ii) a good mixing of the fuel and air, (iii) a turbulence or 
relative motion between fuel and air. The combustion equipment must fulfill these require- 
ments and, in addition, be capable of close regulation of rate of firing the fuel, for boilers 
which ordinarily operate on variable load. Coal-firing equipment must also have a means 
for holding and discharging the ash residue. 
‘The basic requirements of combustion equipment : 
1. Thorough mixing of fuel and air. 
2. Optimum fuel-air ratios leading to most complete combustion possible maintained over 
full load range. 
3. Ready and accurate response of rate of fuel feed to load demand (usually as reflected in 
boiler steam pressure). 
4. Continuous and reliable ignition of fuel. 
5, Practical distillation of volatile components of coal. 
6. Adequate control over point of formation and accumulation of ash, when coal is the fuel. 


Natural gas is used as a boiler fuel in gas well regions where fuel is relatively cheap and coal 
sources comparatively distant. The transportation of natural gas over land to supply cities with 
domestic and industrial heat has made the gas in the well more valuable and the gas-fired steam 
generator more difficult to justify in comparison with coal, or fuel cost alone. Cleanliness and con- 
venience in use are other criteria of selection, but more decisive in small plants in central power 
stations. 

Transportation costs add less to the delivery price of oil than gas ; also fuel oil may be stored 
in tanks at a reasonable cost, whereas, gas cannot. Hence although fuel oil is usually more costly 
than coal per kg of steam generated, many operators select fuel oil burners rather than stokers 
because of the simplicity and cleanliness of storing and transporting the fuel from storage to burner. 
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Depending on the type of combustion equipment, boilers may be classified as follows : 
1. Solid fuels fired : 
(a) Hand fired 
(b) Stoker fired 
1) Overfeed stokers 
(ii) Underfeed strokers. 
(c) Pulverised fuel fired 
(i) Unit system 
(ii) Central system 
(iii) Combination of (i) and (ii). 
2. Liquid fuel fired : 
(a) Injection system. 
(b) Evaporation system 
(c) Combination of (a) and (b). 
3. Gaseous fuel fired : 
(a) Atmospheric pressure system 
(b) High pressure system. 
2.9.2. Combustion Equipment for Solid Fuels—Selection Considerations 
While selecting combustion equipment for solid fuels the following considerations should be 
taken into account : 
1. Initial cost of the equipment. 
2. Sufficient combustion space and its ability to withstand high flame temperature. 
3. Area of the grate (over which fuel burns) 
4. Operating cost. 
5. Minimum smoke nuisance. 
6. Flexibility of operation. 
7. Arrangements for thorough mixing of air with fuel for efficient combustion. 
2.9.3. Burning of Coal 
‘The two most commonly used methods for the burning of coal are : 
1. Stroker firing 
2. Pulverised fuel firing. 
The selection of one of the above methods depends upon the following factors : 
(i) Characteristics of the coal available. 
Gi) Capacity of the boiler unit. 
(iii) Load fluctuations. 
(iv) Station load factor. 
(v) Reliability and efficiency of the various types of combustion equipment available. 
2.9.5.1. Stoker Firing 
A “stoker” is a power operated fuel feeding mechanism and grate. 


Advantages of stoker firing : 
1. A cheaper grade of fuel can be used. 
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2. A higher efficiency attained. 

3. A greater flexibility of operations assured. 

4. Less smoke produced. 

5. Generally less building space is necessary. 

6. Can be used for small or large boiler units. 

7. Very reliable, maintenance charges are reasonably low. 

8. Practically immune from explosions. 

9. Reduction in auxiliary plant. 
10. Capital investment as compared to pulverised fuel system is less. 
11. Some reserve is gained by the large amount of coal stored on the grate in the event of coal 

handling plant failure. 

Disadvantages : 

1. Construction is complicated. 
2. In case of very large units the initial cost may be rather higher than with pulverised fuel. 
3. There is always a certain amount of loss of coal in the form of riddling through the grates. 
4. Sudden v ions in the steam demand cannot be met to the same degree. 
5. 
6. 
7. 


. Troubles due to slagging and clinkering of combustion chamber walls are experienced. 
. Banking and standby losses are always present. 


. Structural arrangements are not so simple and surrounding floors have to be designed for 
heavy loadings. 


There is excessive wear of moving parts due to abrasive action of coal. 

Classification of stoker firing : 

Automatic stokers are classified as follows : 

1. Overfeed stokers. 

2. Underfeed stokers. 

In case of overfeed stokers, the coal is fed into the grate above the point of air admission and 
in case of underfeed stokers, the coal is admitted into the furnace below the point of air admission. 
1. Overfeed stokers : 

Principle of operation. Refer to Fig. 2.11. The principle of an overfeed stoker is discussed 


below. 
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Primary air + HO 
Fig. 2.11. Principle of overfeed stoker. 
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‘The fuel bed section receives fresh coal on top surface. The ignition plane lies between green 
coal and incandescent coke. 

‘The air (with its water vapour content from atmosphere) enters the bottom of the grate under 
pressure. In flowing through the grate opening the air is heated while it cools the grate. The warm 
air then passes through a layer of hot ashes and picks up the heat energy. 

‘The region immediately above the ashes contains a mixture of incandescent coke and ash, 
coke content increasing in upward direction. As the air comes in contact with incandescent coke, the 
‘oxygen reacts with carbon to form carbondioxide. Water vapour entering with the air reacts with 
coke to form CO,, CO and free H,. Upon further travel through the incandescent region some of the 
CO, reacts with coke to form CO. Hence no free O, will be present in the gases leaving the incandes- 
cent region. 

Fresh fuel undergoing distillation of its volatile matter forms the top-most layer of the fuel 
bed. Heat for distillation and eventually ignition comes from the following four sources : 

(i) By conduction from the incandescent coke below. 
(ii) From high temperature gases diffusing through the surface of the bed. 
(iii) By radiation from flames and hot gases in the furnace. 

(jv) From the hot furnace walls. 

The ignition zone lies directly below the raw fuel undergoing distillation. 

To burn the combustible gases, additional secondary air must be fed into the furnace to sup- 
ply the needed oxygen. The secondary air must be injected at considerable speed to create turbu- 
lence and to penetrate to all parts of the area above the fuel bed. The combustible gases then com- 
pletely burn in the furnace. 

Fuel, coke and ash in the fuel bed move in direction opposite to that of air and gases, Raw fuel 
continually drops on the surface of the bed. The rising air feed cools the ash until it finally rests in a 
plane immediately adjacent to the grate. 


‘Types of overfeed stokers 

The "overfeed stokers” are used for large capacity boiler installation where the coal is burnt 
with pulverisation. 

‘These stokers are mainly of following two types : 

(i) Travelling grate stoker 

(a) Chain grate type (b) Bar grate type 

(ii) Spreader stoker. 


(i) Travelling grate stoker : 

‘These stokers may bechain grate type or bar grate type. These two differ only in the details of 
grate construction. 

Fig. 2.12 shows a "Chain grate stoker”, 

A chain grate stoker consists of flexible endless chain which forms a support for the fuel bed. 
The chain travels over two sprocket wheels one at the front and one at the rear of furnace. The front 
sprocket is connected to a variable speed drive mechanism. The speed of the stroker is 15 cm to 50 
cm per minute. 

The coal bed thickness is shown for all times by an index plate. This can be regulated either 
by adjusting the opening of fuel grate or by the speed control of the stoker driving motor. 

The air is admitted from the underside of the grate which is divided into several compart- 
ments each connected to an air duct. The grate should be saved from being overheated. For this, coal 
should have sufficient ash content which will form a layer on the grate. 

Since there is practically no agitation of the fuel bed, non-coking coals are best suited for chain 
grate stohers. 
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Fig. 2.12. Chain grate stoker. 
The rate of burning with this stoker is 200 to 300 kg per m? per hour when forced draught is 


Advantages of chain grate stoker : 

1. Simple in construction. 

2. Initial cost low. 

3. Maintenance charges low. 

4. Self-cleaning stoker. 

5. Gives high release rates per unit volume of the furnace. 

6. Heat release rates can be controlled just by controlling the speed of chain. 

Disadvantages : 

1. Preheated air temperatures are limited to 180°C maximum. 

2. The clinker troubles are very common. 

3. There is always some loss of coal in the form of fine particles through riddlings. 

4. Ignition arches are required (to suit specific furnace conditions). 

5. This cannot be used for high capacity boilers (200 tonnes/hr or more). 

(ii) Spreader stoker. Refer to Fig. 2.13. 

© In this type of stoker the coal is not fed into furnace by means of grate. The function of the 
grate is only to support a bed of ash and move it out of the furnace. 

© From the coal hopper, coal is fed into the path of a rotor by means of a conveyer, and is 
thrown into the furnace by the rotor and is burnt in suspension. The air for combustion is 
supplied through the holes in the grate. 

© The secondary air (or overfire air) to create turbulence and supply oxygen for thorough 
combustion of coal is supplied through nozzles located directly above the ignition arch. 

€ Unburnt coal and ash are deposited on the grate which can be moved periodically to re- 
move ash out of the furnace. 

© Spreader stokers can burn any type of coal. 
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Fig. 2.13. Spreader stoker. 

e This type of stoker can be used for boiler capacities from 70000 kg to 140000 kg of steam 
per hour. The heat release rate of 10 x 10 k cal/m*-hr is possible with stationary grate 
and of 20 x 109 k cal/m?-hr is possible with travelling grate. 

Advantages : 

A wide variety of coal can be burnt. 

This stoker is simple to operate, easy to light up and bring into commission. 

The use of high temperature preheated air is possible. 

Operation cost is considerably low. 

The clinking difficulties are reduced even with coals which have high clinkering tendencies. 

Volatile matter is easily burnt. 

Fire arches etc. are generally not required with this type of stokers. 


As the depth of coal bed on the grate is usually limited to 10 to 15 cm only, fluctuating 
loads can be easily met with. 


SPrAgnaene 


Disadvantages : 
1. It is difficult to operate spreader with varying sizes of coal with varying moisture content. 
2. Fly-ash is much more. 
3. No remedy for clinker troubles. 
4. There is a possibility of some fuel loss in the cinders up the stack because of the thin fuel 
bed and suspension burning. 
2. Underfeed feeders : 
Principle of operation. Refer to Fig. 2.14 (a). 
© The underfeed principle is suitable for burning the semi-bituminous and bituminous coals. 
e Air entering through the holes in the grate comes in contact with the raw coal (green 
coal). Then it passes through the incandescent coke where reactions similar to overfeed 


system take place. The gases produced then pass through a layer of ash. The secondary 
air is supplied to burn the combustible gases. 


The underfeed stokers fall into two main groups, the single retort and multi-retort stokers. 
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CO, + O; +H, + HO 


Primary air + H,O 


Fig. 2.14. (a) Principle of underfeed feeders. 


Multi-retort underfeed stokers : 
Refer to Fig. 2.14 (b). 


E 
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Fig. 2.14. (b) Multi-retort underfeed stokers. 


€ The stoker consists of a series of sloping parallel troughs formed by tuyere stacks. These 
troughs are called retorts. Under the coal hopper at the head end of the retorts, feeding 
rams reciprocate back and forth. With the ram in the outer position coal from the hopper 
falls into space vacated by the ram. On the inward stroke the ram forces the coal into the 
retort. 
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© The height and profile of the fuel bed is controlled by secondary, or distributing rams. 
These rams oscillate parallel to the retort axes, the length of their stokes can be varied as 
needed. They slowly move the entire fuel bed down the length of the stoker. 

e At the rear of the stoker the partly burned fuel bed moves onto an extension grate ar- 
ranged in sections. These sections also oscillate parallel to the fuel-bed movement. The 
sharp slope of the stoker aids in moving the fuel bed. Fuel-bed movement keeps it slightly 
agitated to break up clinker formation. From extension grate the ash moves onto ash 
dump plate. Tilting the dump plate at long intervals deposits the ash in the ashpit below. 

© Primary air from the wind box underneath the stoker enters the fuel bed through holes in 
the vertical sides of the tuyeres. The extension grate carries a much thinner fuel bed and 
so must have a lower air pressure under it. The air entering from the main wind box into 
the extension-grate wind box is regulated by a controlling air damper. 

In this stoker the number of retorts may vary from 2 to 20 with coal burning capacity ranging 


from 300 kg to 2000 kg per hour per retort. 


Underfeed stokers are suitable for non-clinkering, high voltatile coals having caking proper- 


ties and low ash contents. 


Advantages : 
1, High thermal efficiency (as compared to chain grate stokers). 
2. Combustion rate is considerably higher. 
3. The grate is self cleaning. 
4. Part load efficiency is high particularly with multi-retort type. 
Different varieties of coals can be used. 
Much higher steaming rates are possible with this type of stoker. 
Grate bars, tuyeres and retorts are not subjected to high temperature as they remain 
always in contact with fresh coal. 
8. Overload capacity of the boiler is high as large amount of coal is carried on the grate. 
. Smokeless operation is possible even at very light load. 
10. With the use of clinker grinder, more heat can be liberated out of fuel. 
11. Substantial amount of coal always remains on the grate so that the boiler may remain in 
service in the event of temporary breakdown of the coal supply system. 


12, It can be used with all refractory furnaces because of non-exposure of stoker mechanism 
to the furnace. 


neo 
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Disadvantages: 

1. High initial cost. 

2. Require large building space. 

3. The clinker troubles are usually present. 

4. Low grade fuels with high ash content cannot be burnt economically. 


2.9.3.2. Pulverised fuel firing 
In pulverised fuel firing system the coal is reduced to a fine powder with the help of grinding 


mill and then projected into the combustion chamber with the help of hot air current. The amount of 
air required (known as secondary air) to complete the combustion is supplied separately to the 
combustion chamber. The resulting turbulence in the combustion chamber helps for uniform mixing 
of fuel and air and thorough combustion. The amount of air which is used to carry the coal and to dry 
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it before entering into the combustion chamber is known as Primary air and the amount of air which 
is supplied separately for completing the combustion is known as Secondary air. 

‘The efficiency of the pulverised fuel firing system mostly depends upon the size of the powder. 
The fineness of the coal should be such as 70% of it would pass through a 200 mesh sieve and 90% 
through 50 mesh sieve. 

Fig. 2.15 shows elements of pulverised coal system. 


Fig. 2.15. Elements of pulverised coal system. 


Advantages: 
1, Any grade of coal can be used since coal is powdered before use. 
2. The rate of feed of the fuel can be regulated properly resulting in fuel economy. 
3. Since there is almost complete combustion of the fuel there is increased rate of evapora- 
tion and higher boiler efficiency. 
4. Greater capacity to meet peak loads. 
5. The system is practically free from sagging and clinkering troubles. 
6. No standby losses due to banked fires. 
7. Practically no ash handling problems. 
8. No moving part in the furnace is subjected to high temperatures. 
9. This system works successfully with or in combination with gas and oil. 
10. Much smaller quantity of air is required as compared to that of stoker firing. 
11. Practically free from clinker troubles. 
12. The external heating surfaces are free from corrosion. 
13. It is possible to use highly preheated secondary air (350°C) which helps for rapid flame 
Propagation. 
14. The furnace volume required is considerably less. 
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Disadvantages: 
1. High capital cost. 
2. Lot of fly-ash in the exhaust, which makes the removing of fine dust uneconomical. 
3. The possibility of explosion is more as coal burns like gas. 
4. The maintenance of furnace brickwork is costly. 
5. Special equipment is needed to start this system. 
6. The skilled operators are required. 
T. A separate coal preparation plant is necessary. 
8. High furnace temperatures cause rapid deterioration of the refractory surfaces of the 
furnace. 


9, Nuisance is created by the emission of very fine particles of grit and dust. 
10. Fine regular grinding of fuel and proper distribution to burners is usually difficult to 
achieve. 
Pulverised Fuel Handling 
Basically, pulverised fuel plants may be divided into the following two systems : 
1. Unit system. 
2. Central system. 


Unit system : 
A unit system is shown in Fig. 2.16. 


gas 
drying (Primary air) 


Preheated air 
(Secondary air) 


Fig. 2.16. Unit system. 

Most pulverised coal plants are now being installed with unit pulveriser. 

The unit system is so called from the fact that each burner or burner group and the pulveriser 
constitute a unit. Crushed coal is fed to the pulverising mill at a variable rate governed by the 
combustion requirements of the boiler and furnace. Primary air is admitted to the mill and becomes 
the transport air which carries the coal through the short delivery pipe to the burner. This air may 
be preheated if mill drying is desirable. 
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Advantages : 
1. The layout is simple and permits easy operation. 
2. It is cheaper than central system. 
3. Less spaces are required. 
4. It allows direct control of combustion from the pulveriser. 
5. Maintenance charges are less. 
6. There is no complex transportation system. 
7. In a replacement of stokers, the old conveyor and bunker equipment may be used. 
8. Coal which would require drying in order to function satisfactorily in the central system 
may usually be employed without drying in the unit system. 
Disadvantages: 


1. Firing aisle is obstructed with pulverising equipment, unless the latter is relegated to a 
basement. 


2. The mills operate at variable load, a condition not especially conducive to best results. 


3. With load factors in common practice, total mill capacity must be higher than for the 
central system. 


4. Flexibility is less than central system. 
Central system : 
‘This system is illustrated in Fig. 2.17. 


mils 1 


Alternative flue 
gas for coal drying 


Fig. 2.17. Central system. 

A central pulverising system employs a limited number of large capacity pulverisers at a 
central point to prepare coal for all the burners. Driers, if required, are conveniently installed at this 
point. From the pulverisers the coal is transported to a central storage bin where it is deposited and 
its transporting air vented from the bin through a “cyclone”. This bin may contain from 12 to 24 
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hours supply of pulverised coal. From the bin the coal is metered to the burners by motor-driven 
feeders of varied design. Primary air, added at the feeders, floats the coal to the burners. 


Advantages: 

1. Offers good control of coal fineness. 

2. The pulverising mill may work at constant load because of the storage capacity between it 
and the burners. 

3, The boiler aisels are unobstructed. 

4, More latitude in the arrangement and number of burners is allowed to the designers. 

5. The large storage is protection against interruption of fuel supply to the burners. 

6. Less labour is required. 

7, Power consumption per tonne of coal handled is low. 

8. Burners can be operated independent of the operation of coal preparation plant. 

9. Fans handle only air, as such, there is no problem of excessive wear as in case of unit 
system, where air and coal both are handled by the fan. 

Disadvantages : 

1. Driers are usually necessary. 

2. Fire hazard of quantities of stored pulverised coal. 

3. Central preparation may require a separate building. 

4, Additional cost and complexity of coal transportation system. 

5. Power consumption of auxiliaries is high. 

Pulveriser. Coal is pulverised in order to increase its surface exposure, thus promoting 
rapid combustion without using large quantities of excess air. A pulveriser is the most important 
part of a pulverised coal system. Pulverisers (sometimes called mills) are classified as follows : 

1. Attrition mills : 
G) Bowl mills 
Gi) Ball and race mills. 
2. Impact mills : 
(i) Ball mills 
Gi) Hammer mills. 

Pulverisers are driven by electric motors with the feeders either actuated by the main drive 
or by a small d.c. motor, depending upon the control used. 

2.94. Burners 

Primary air that carries the powdered coal from the mill to the furnace is only about 20% of 
the total air needed for combustion. Before the coal enters the furnace, it must be mixed with addi- 
tional air, known as secondary air, in burners mounted in the furnace wall. In addition to the prime 
function of mixing, burners must also maintain stable ignition of fuel-air mix and control the flame 
shape and travel in the furnace. Ignition depends on the rate of flame propagation. To prevent flash 
back into the burner, the coal-air mixture must move away from the burner at a rate equal to flame- 
front travel. Too much secondary air can cool the mixture and prevent its heating to ignition tempera- 
ture. 

The requirements of a burner can be summarised as follows : 

(@ The coal and air should be so handled that there is stability of ignition. 
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(ii) The combustion is complete. 
(iii) In the flame the heat is uniformly developed avoiding any superheat spots. 
(iv) Adequate protection against overheating, internal fires and excessive abrasive wear. 
2.94.1. Pulverised fuel burners 
Pulverised fuel burners may be classified as follows : 
1. Long flame burners. 
2, Turbulent burners. 
3. Tangential burners. 
4. Cyclone burners. 


2.9.4.2. Oil burners 


Principle of oil firing. The functions of an oil burner are to mix the fuel and air in proper 
proportion and to prepare the fuel for combustion. Fig. 2.18 shows the principle of oil firing. 


T e 
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Fig. 2.18. Principle of oil firing. 
Classification of oil burners. The oil burners may be classified as : 
1. Vapourising oil burners : 
(a) Atmospheric pressure atomising burner 
(b) Rotating cup burner 
(c) Recirculation burner 
(d) Wick type burner. 
2. Atomising fuel burners : 
(a) Mechanical or oil pressure atomising burner 
(b) Steam or high pressure air atomising burner 
(©) Low pressure air atomising burner. 
2.9.4.3. Gas burners 


Gas burning claims the following advantages : 


(@ It is much simpler as the fuel is ready for combustion and requires no preparation. 
(ii) Furnace temperature can be easily controlled. 


(iii) A long slow burning flame with uniform and gradual heat liberation can be produced. 
(iv) Cleanliness. 
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(v) High chimney is not required. 
(vi) No ash removal is required. 
For generation of steam, natural gas is invariably used in the following cases : 
(i) Gas producing areas. 
(ii) Areas served by gas transmission lines. 
(iii) Where coal is costlier. 
Typical gas burners used are shown in Fig. 2.19 to 2.20. 
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Refer to Fig. 2.19. In this burner the mixing is poor and a fairly long flame results. 
Refer to Fig. 2.20. This is a ring type burner in which a short flame is obtained. 
Refer to Fig. 2.21. This arrangement is used when both gas and air are under pressure. 


In order to prevent the flame from turning back the velocity of the gas should be more than 
the “rate of flame propagation”. 


2.10. FLUIDISED BED COMBUSTION (FBC) 


A fluidised bed may be defined as the bed of solid particles behaving as a fluid. The principle 
of FBC-system is given below : 

‘When a gas is passed through a packed bed of finely divided solid particles, it experiences a 
pressure drop across the bed. At low gas velocities, this pressure drop is small and does not disturb 
the particles. But if the gas velocity is increased further, a stage is reached, when particles are 
suspended in the gas stream and the packed bed becomes a ‘fluidised bed’. With further increase in 
gas velocity, the bed becomes turbulent and rapid mixing of particles occurs. In general, the behavior 
of this mixture of solid particles and gas is like a fluid. Burning of a fuel in such a state is known as 
a fluidised bed combustion. 

Fig. 2.22 shows the arrangement of the FBC system. 

On the distributor plate are fed the fuel and inert material dolomite and from its bottom air 
is supplied. Theshigh velocity of air keeps the solid feed material in suspending condition during 
burning. The generated heat is rapidly transferred to the water passing through the tubes immersed 
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in the bed and generated steam is taken out. During the burning sulphur dioxide formed is absorbed 
by the dolomite and prevents its escape with the exhaust gases. The molten slag is tapped from the 
top surface of the bed. 

The primary object of using the inert material is to control the bed temperature, it accounts 
for 90% of the bed volume. It is very necessary that the selection of an inert material should be done 
judiciously as it remains with the fuel in continuous motion and at high temperature to the tune of 
800°C. Moreover, the inert material should not disintegrate coal, the parent material of the bed. 


Flue gases 


Walis 


Air 


Fig. 2.22. Basic FBC system. 


‘The cost economic shows that a saving of about 10% in operating cost and 15% capital cost 
could be achieved for a unit rating of 120 MW and it may be still higher for bigger units. 
Advantages : 
1. As a result of better heat transfer, the unit size and hence the capital costs are reduced. 
2. It can respond rapidly to changes in load demand (since thermal equilibrium between air 
and coal particles in the bed is quickly established). 
3. Low combustion temperatures (800 to 950°C) inhibits the formation of nitrogen oxides 
like nitric oxide and nitrogen dioxide. 
Since combustion temperatures are low the fouling and corrosion of tubes is reduced con- 
siderably. 
As it is not necessary to grind the coal very fine as is done in pulverised fuel firing, there- 
fore, the cost of coal crushing is reduced. 
. Pollution is controlled and combustion of high-sulphur coal is possible. 
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7. FBC system can use solid, liquid or gaseous fuel or mix as well as domestic and industrial 
waste, Any variety of coal can be used successfully. 

8. Combustion temperature can be controlled accurately. 

9. The system can be readily designed for operation at raised combustion pressure, owing to 
the simplicity of arrangement, small size of the plant and reduced likelihood of corrosion 
or erosion of gas turbine blades. 


10. The combustion in conventional system becomes unstable when the ash exceeds 48% but 
even 70% ash containing coal can be efficiently burned in FBC. 


11. The large quantity of bed material acts as a thermal storage which reduces the effect of 
any fluctuation in fuel feed ratio. 


2.11. ASH HANDLING 


A huge quantity of ash is produced in central stations, sometimes being as much as 10 to 20% 
of the total quantity of coal burnt in a day. Hundreds of tonnes of ash may have to be handled every 
day in large power stations and mechanical devices become indispensable. A station using low grade 
fuel has to deal with large quantities of ash. 


Handling of ash includes : 
(i) Its removal from the furnace, 


(ii) Loading on the conveyers and delivery to the fill or dump from where it can be disposed off 
by sale or otherwise. 


Handling of ash is a problem because ash coming out of the furnace is too hot, it is dusty and 
irritating to handle and is accompanied by some poisonous gas. Ash needs to be quenched before 
handling due to following reasons : 


(i) Quenching reduces corrosion action of the ash. 
(ii) It reduces the dust accompanying the ash. 
(iii) It reduces temperature of the ash. 
(iv) Ash forms clinkers by fusing in large lumps and by quenching clinkers will disintegrate. 
2.11.1. Ash Handling Equipment 
A good ash handling plant should have the following characteristics : 


. It should have enough capacity to cope with the volume of ash that may be produced 
in a station. 


It should be able to handle large clinkers, boiler refuse, soot etc., with little personal 
attention of the workmen. 


It should be able to handle hot and wet ash effectively and with good speed. 


It should be possible to minimise the corrosive or abrasive action of ashes and dust 
nuisance should not exist. 


‘The plant should not cost much. 

‘The operation charges should be minimum possible. 

The operation of the plant should be noiseless as much as possible. 

The plant should be able to operate effectively under all variable load conditions. 

In case of addition of units, it should need minimum changes in original layout of 
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plant. 
10. The plant should have high rate of handling. 
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The commonly used equipment for ash handling in large and medium size plants may com- 
prise of : 
(i) Bucket elevator 
(ii) Bucket conveyor 
(iii) Belt conveyor 
(iv) Pneumatic conveyor 
(v) Hydraulic sluicing equipment 
(vi) Trollies or rail cars ete. 
Fig. 2.23 shows the outline of ash disposal equipment. 


Fig. 2.23. Outline of ash disposal equipment. 


2.11.2. Ash Handling Systems 

The modern ash-handling systems are mainly classified into four groups : 
1. Mechanical handling system 

2, Hydraulic system 

3, Pneumatic system 

4. Steam jet system. 


2.12. DUST COLLECTION 


2.12.1. Introduction 


The products of combustion of coal-fed fires contain particles of solid matter floating in sus- 
pension. This may be smoke or dust. If smoke, the indication is that combustion conditions are 
faulty, and the proper remedy is in the design and management of the furnace. Ifdust, the particles 
are mainly fine ash particles called “Fly-ash” intermixed with some quantity of carbon-ash material 
called “cinder”. Pulverised coal and spreader stoker firing units are the principle types causing diffi- 
culty from this source. Other stokers may produce minor quantities of dust but generally not enough 
to demand special gas cleaning equipment. The two mentioned are troublesome because coal is 
burned in suspension—in a turbulent furnace atmosphere and every opportunity is offered for the 
gas to pick up the smaller particles and sweep them along with it. 
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‘The size of the dust particles is measured in microns. The micron is one millionth of a metre. 
As an indication of the scale of this measure, the diameter of a human hair is approximately 80 
microns. Typical classification of particles by name is given in Fig. 2.24, but the limits shown are, for 
the most part, arbitrary. A critical characteristic of dust is its “Settling Velocity" in still air. This is 
proportional to the product of the square of micron size and mass density. 
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Fig. 2.24. Typical particle sizes : (a) Flue gas particles and ranges of collecting equipment. 
(b) Typical distribution of particle size in products of combustion. 


2.12.2. Removal of Smoke 
Smoke is produced due to the incomplete combustion of fuels. Smoke particles are less than 1 


micron in size. The smoke disposal to the atmosphere is not desirable due to the following reasons : 


(i) Smoke is produced due to incomplete combustion of coal. This will create a big economic 
loss due loss of heating value of coal. 


(ii) A smoky atmosphere is unhealthy. 
(iii) Smoke corrodes the metals, darkens the paints and gives lower standards of cleanliness. 
In order to check the nuisance of smoke the coal should be completely burnt in the furnace. 
The presence of dense smoke indicates poor furnace conditions and a loss in efficiency and capacity of 
a boiler plant. 
2.12.3. Removal of Dust and Dust Collectors 
The removal of dust and cinders from flue gas can usually be effected to the required degree 
by commercial dust collectors. 
The dust collectors may be classified as follows : 
1. Mechanical dust collectors : 
(i) Wet type (Scrubbers) 
(a) Spray type 
(b) Packed type 
(c) Impingement type 
Gi) Dry type 
(a) Gravitational separators 
(b) Cyclone separators 
2. Electrical dust collectors : 
(i) Rod type 
(ii) Plate type. 
2.12.4. Uses of Ash and Dust 
The uses of ash and dust are listed below : 
1. Ash is widely used in the production of cement. 
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2. Ash is used in the production of concrete. 20 percent fly-ash and 30 percent bottom ash 
are presently used constructively in U.S.A. 

3. Because of their better alkali values, they are used for treating acidic soils. It has been 
found that if ash is used in limited quantity in soil, it increases the yield of corn, turnip etc. 

4. From the ash, the metals such as Al, Fe, Si and titanium can be recovered. 


2.12.5. General Layout of Ash Handling and Dust Collection System 
Fig. 2.25 shows the general layout of ash handling and dust collection system which is self 
explanatory. 


Fly ash with 
exhaust gases 


Fig. 2.25. General layout of ash handling and dust collection system. 


2.13. BOILERS 


2.13.1. Introduction 


In simple a boiler may be defined as a closed vessel in which steam is produced from water by 
combustion of fuel. 

According to American Society of Mechanical Engineers (A.S.M.E.) a ‘steam generating unit’ 
is defined as : 


“A combination of apparatus for producing, furnishing or recovering heat together with the 
apparatus for transferring the heat so made available to the fluid being heated and vapourised". 


The steam generated is employed for the following purposes : 
(é) For generating power in steam engines or steam turbines. 
(ii) In the textile industries for sizing and bleaching etc., and many other industries like 
sugar mills ; chemical industries. 
(ii) For heating the buildings in cold weather and for producing hot water for hot water supply. 
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‘The primary requirements of steam generators or boilers are : 
(i) The water must be contained safely. 

(i) The steam must be safely delivered in desired condition (as regards its pressure, tem- 

perature, quality and required rate). 

2.13.2. Classification of Boilers 

The boilers may be classified as follows : 

1. Horizontal, vertical or inclined : 

If the axis of the boiler is horizontal, the boiler is called as horizontal, if the axis is vertical, 
it is called vertical boiler and if the axis is inclined it is known as inclined boiler. The parts of a 
horizontal boiler can be inspected and repaired easily but it occupies more space. The vertical 
boiler occupies less floor area. 

2. Fire tube and water tube : 

In the fire tube boilers, the hot gases are inside the tubes and the water surrounds the 
tubes. Examples : Cochran, Lancashire and Locomotive boilers. 

In the water tube boilers, the water is inside the tubes and hot gases surround them. 
Examples : Babcock and Wilcox, Stirling, Yarrow boiler etc. 

3. Externally fired and internally fired : 

‘The boiler is known as externally fired if the fire is outside the shell. Examples : Babcock 
and Wilcox boiler, Stirling boiler etc. 

In case of internally fired boilers, the furnace is located inside the boiler shell. Examples : 
Cochran, Lancashire boiler etc. 

4. Forced circulation and natural circulation : 

In forced circulation type of boilers, the circulation of water is done by a forced pump. 
Examples ; Velox, Lamont, Benson boiler etc. 

In natural circulation type of boilers, circulation of water in the boiler takes place due to 
natural convention currents produced by the application of heat. Examples : Lancashire, Babcock 
and Wilcox boiler etc. 

5. High pressure and low pressure boilers : 

‘The boilers which produce steam at pressures of 80 bar and above are called high pressure 
boilers. Examples : Babcock and Wilcox, Velox, Lamont, Benson boilers. 

The boilers which produce steam at pressure below 80 bar are called low pressure boilers. 
Examples : Cochran, Cornish, Lancashire and Locomotive boilers. 

6. Stationary and portable : 

Primarily, the boilers are classified as either statiotiary (land) or mobile (marine aiid 
locomotive). 

© Stationary boilers are used for power plant-steam, for central station utility power 

plants, for plant process steam etc. 

* Mobile boilers or portable boilers include locomotive type, and other small units for 

temporary use at sites (just as in small coalfield pits). 

7. Single tube and multi-tube boilers : 

The fire tube boilers are classified as single-tube and multi-tube boilers, depending upon 
whether the fire tube is one or more than one. The examples of the former type are cornish, simple 
vertical boiler and rest of the boilers are multi-tube boilers. 
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2.13.3. Comparison between ‘Fire-tube and Water tube’ Boilers 


Fire-tube boilers Water-tube boilers 


Position of water and hot gases. Hot gases inside the tubes Water inside the tubes and. 
and water outside thetubes. | hot gases outside the tubes. 
2. | Mode of firing Externally fired. 
3. | Operating pressure Can work under as high 
pressure as 100 bar. 
4. | Rate of steam production Higher. 


& | Suitability Not suitable for large power 


Suitable for large power 
planta. plants. 


6. | Risk on bursting Involves lesser risk on Involves more risk on 
explosion due to lower bursting due to high 
pressure. pressure. 


Fora given power it occupies | For a given power it 


mare floor area. occupies less floor-aren. 

8 Difficult Simple 

9. Difficult Simple 

10, Large for same power ‘Small for same power 

n. Less More 

12 Not so necessary More necessary 

13. Various parts not so easily Various parts are more 
‘accessible for cleaning, repair le. 

14. | Requirement of skill Require less skill for efficient | Require more skill and 


and economic working. 


2.13.4. High Pressure Boilers 

In applications where steam is needed at pressure, 30 bar, and individual boilers are required 
to raise less than about 30000 kg of steam per hour, shell boilers are considerably cheaper than 
the water-tube boilers. Above these limits, shell boilers (generally factory built) are difficult to 
transport if not impossible. There are no such limits to water-tube boilers. These can be site 
erected from easily transportable parts, and moreover the pressure parts are of smaller diameter 
and therefore can be thinner. The geometry can be varied to suit a wide range of situations and 
farnace is not limited to cylindrical form. Therefore, water tube boilers are generally preferred for 
high pressure and high output whereas shell boilers for low pressure and low output. 

The modern high pressure boilers employed for power generation are for steam capacities 30 
to 650 tonnes/h and above with a pressure up to 160 bar and maximum steam temperature of 
about 540°C. 


2.13.4.1. Unique features of high pressure boilers 
Following are the unique features of high pressure boilers : 
1. Method of water circulation 

2. Type of tubing 

3. Improved method of heating. 
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1. Method of water circulation. The circulation of water through the boiler may be 
natural circulation due to density difference or forced circulation. In all modern high pressure 
boiler plants, the water circulation is maintained with the help of pump which forces the water 
through the boiler plant. The use of natural circulation is limited to sub-critical boilers due to its 
limitations. 

2. Type of tubing. In most of the high pressure boilers, the water circulated through the 
tubes and their external surfaces are exposed to the flue gases. In water-tube boilers, if the flow 
takes place through one continuous tube, the large pressure drop takes place due to friction. This 
is considerably reduced by arranging the flow to pass through parallel system of tubing. In most 
of the cases, several sets of the tubings are used. This type of arrangement helps to reduce the 
pressure loss, and better control over the quality of the steam. 

3. Improved method of heating. The following improved methods of heating may be used 
to increase the heat transfer : 

@ The saving of heat by evaporation of water above critical pressure of the steam. 

(ii) The heating of water can be made by mixing the superheated steam. The mixing phe- 
nomenon gives highest heat transfer co-efficient. 

(iii) The overall heat transfer coefficient can be increased by increasing the water velocity 
inside the tube and increasing the gas velocity above sonic velocity. 

2.13.4.2. Advantages of high pressure boilers 

‘The following are the advantages of high pressure boilers : 

. In high pressure boilers pumps are used to maintain forccd circulation of water through 
the tubes of the boiler. This ensures positive circulation of water and increases evaporative 
capacity of the boiler and less number of steam drums will be required. 

2. The heat of combustion is utilised more efficiently by the use of small diameter tubes in 

large number and in multiple circuits. 

Pressurised combustion is used which increases rate of firing of fuel thus increasing 

the rate of heat release. 

. Due to compactness less floor space is required. 

5. The tendency of scale formation is eliminated due to high velocity of water through the 

tubes. 

All the parts are uniformly heated, therefore, the danger of overheating is reduced and 

thermal stress problem is simplified. 

7. The differential expansion is reduced due to uniform temperature and this reduces the 
possibility of gas and air leakages. 

8. The components can be arranged horizontally as high head required for natural circula- 
tion is eliminated using forced circulation. There is a greater flexibility in the compo- 
nents arrangement. 

9. The steam can be raised quickly to meet the variable load requirements without the use 
of complicated control devices. 

10. The efficiency of plant is increased upto 40 to 42 percent by using high pressure and 
high temperature steam. 

11. A very rapid start from cold is possible if an external supply of power is available. Hence, 
the boiler can be used for carrying peak loads or standby purposes with hydraulic 
station. 

12. Use of high pressure and high temperature steam is economical. 
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High pressure boilers are enumerates below : 


1. Lamont boiler 2. Loeffler boiler 
3. Benson boiler 4. Velox boiler 
5. Supercritical boilers 6. Supercharged boiler 


2.14. STEAM TURBINES 


2.14.1. Introduction 

The steam turbine is a prime-mover in which the potential energy of the steam is trans- 
formed into kinetic energy, and latter in its turn is transformed into the mechanical energy of 
rotation of the turbine shaft. The turbine shaft, directly or with the help of a reduction gearing, is 
connected with the driven mechanism. Depending on the type of the driven mechanism a steam 
turbine may be utilised in most diverse fields of industry, for power generation and for transport. 
Transformation of the potential energy of steam into the mechanical energy of rotation of the shaft. 
is brought about by different means. 

2.14.2. Classification of Steam Turbines 

There are several ways in which the steam turbines may be classified. The most important. 
and common division being with respect to the action of the steam, as : 

(a) Impulse. 

(b) Reaction. 

(c) Combination of impulse and reaction. 

Other classifications are : 


1. According to the number of pressure stages : 


G) Single-stage turbines with one or more velocity stages usually of small-power capaci- 
ties ; these turbines are mostly used for driving centrifugal compressors, blowers and 
other similar machinery. 


(ii) Multi-stage impulse and reaction turbines ; they are made in a wide range of power 
capacities varying from small to large. 
2. According to the direction of steam flow : 
@ Axial turbines in which steam flows in a direction parallel to the axis of the turbine, 
(ii) Radial turbines in which steam flows in a direction perpendicular to the axis of the 
turbine ; one or more low-pressure stages in such turbines are made axial. 
3, According to the number of cylinders : 
© Single-cylinder turbines. 
Gi) Double-cylinder turbines. 
Gii) Three-cylinder turbines. 
(iv) Four-cylinder turbines. 
Multi-cylinder turbines which have their rotors mounted on one and the same shaft and 
coupled to a single generator are known as single shaft turbines ; turbines with separate rotor 
shafts for each cylinder placed parallel to each other are known as multiaxial turbines. 
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4. According to the method of governing : 


@ Turbines with throttle governing in which fresh steam enters through one or more 
(depending on the power developed) simultaneously operated throttle valves. 

(i) Turbines with nozzle governing in which fresh steam enters through two or more con- 
secutively opening regulators. 

(ii) Turbines with bypass governing in which steam turbines besides being fed to the first 
stage is also directly fed to one, two or even three intermediate stages of the turbine. 

5. According to heat drop process : 

(i) Condensing turbines with generators ; in these turbines steam at a pressure less than 
atmospheric is directed to a condenser ; besides, steam is also extracted from intermedi- 
ate stages for feed water heating, the number of such extractions usually being from 
2-8 to as much 8-9. The latent heat of exhaust steam during the process of condensation 
is completely lost in these turbines. 

Gi) Condensing turbines with one or two intermediate stage extractions at specific pres- 
sures for industrial and heating purposes. 

(iii) Back pressure turbines, the exhaust steam from which is utilised for industrial or heat- 
ing purposes ; to this type of turbines can also be added (in a relative sense) turbines 
with deteriorated vacuum, the exhaust steam of which may be used for heating and 
process purposes. 

(iv) Topping turbines ; these turbines are also of the back pressure type with the difference 
that the exhaust steam from these turbines is further utilised in medium and low- 
pressure condensing turbines. These turbines, in general, operate at high initial condi- 
tions of steam pressure and temperature, and are mostly used during extension of power 
station capacities, with a view to obtain better efficiencies. 

(v) Back pressure turbines with steam extraction from intermediate stages at specific pres- 
sure ; turbines of this type are meant for supplying the consumer with steam of various 
pressures and temperature conditions. 

(vi) Low pressure turbines in which the exhaust steam from reciprocating steam engines, 
power hammers, etc., is utilised for power generation purposes. 

(vii) Mixed pressure turbines with two or three pressure stages, with supply of exhaust 
steam to its intermediate stages. 

6. According to steam conditions at inlet to turbine : 

@ Low pressure turbines, using steam at a pressure of 1.2 to 2 ata. 

(ii) Medium pressure turbines, using steam at pressure of up to 40 ata. 

(iii) High pressure turbines, utilising steam at pressures above 40 ata. 

(iv) Turbines of very high pressures, utilising steam at pressures of 170 ata and higher and 
temperatures of 550°C and higher. 

(v) Turbines of supercritical pressures, using steam at pressures of 225 ata and above. 


7. According to their usage in industry : 


@ Stationary turbines with constant speed of rotation primarily used for driving alterna- 
tors. 
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Gi) Stationary steam turbines with variable speed meant for driving turbo-blowers, air 
circulators, pumps, ete. 
(iit) Non-stationary turbines with variable speed ; turbines of this type are usually employed 
in steamers, ships and railway locomotives. 
2.14.3. Advantages of Steam Turbine over the Steam Engines 
The following are the principal advantages of steam turbine over steam engines : 
1. The thermal efficiency of a steam turbine is much higher than that of a steam engine. 
2. The power generation in a steam turbine is at a uniform rate, therefore necessity to use 
a flywheel (as in the case of steam engine) is not felt. 
3. Much higher speeds and greater range of speed is possible than in case of a steam 
engine. 
In large thermal stations where we need higher outputs, the steam turbines prove very 
suitable as these can be made in big sizes. 
With the absence of reciprocating parts (as in steam engine) the balancing problem is 
minimised. 
No internal lubrication is required as there are no rubbing parts in the steam turbine. 
In a steam turbine there is no loss due to initial condensation of steam. 
It can utilise high vacuum very advantageously. 
Considerable overloads can be carried at the expense of slight reduction in overall 
efficiency. 
2.14.4. Description of Common Types of Turbines 
‘The common types of steam turbines are : 
1. Simple Impulse turbine. 
2. Reaction turbine. 
‘The main difference between these turbines lies in the way in which the steam is expanded 
while it moves through them. In the former type steam expands in the nozzles and its pressure 


does not alter as it moves over the blades while in the latter type the steam expands continuously 
as it passes over the blades and thus there is gradual fall in the pressure during expansion. 

1. Simple impulse turbine : 

Fig. 2.26 shows a simple impulse turbine diagrammatically. The top portion of the figure 
exhibits a longitudinal section through the upper half of the turbine, the middle portion shows one 
set of nozzles which is followed by a ring of moving blades, while lower part of the diagram indi- 
cates approximately changes in pressure and velocity during the flow of steam through the tur- 
bine. This turbine is called ‘simple’ impulse turbine since the expansion of the steam takes place in 
one set of the nozzles. 

As the steam flows through the nozzle its pressure falls from steam chest pressure to con- 
denser pressure (or atmospheric pressure if the turbine is non-condensing). Due to this relatively 
higher ratio of expansion of steam in the nozzles the steam leaves the nozzle with a very high 
velocity. From Fig. 2.26, it is evident that the velocity of the steam leaving the moving blades is a 
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large portion of the maximum velocity of the steam when leaving the nozzle. The loss of energy due 
to this higher exit velocity is commonly the “carry over loss" or “leaving loss". 


Boiler 
steam 


Fig. 2.26, Simple impulse turbine. 
The principal example of this turbine is the well known De laval turbine and in this 
turbine the ‘exit velocity’ or ‘leaving velocity’ or ‘lost velocity’ may amount to 3.3 per cent of the 
nozzle outlet velocity. Also since all the kinetic energy is to be absorbed by one ring of the moving 
blades only, the velocity of wheel is too high (varying from 25,000 to 30,000 r.p.m.). This wheel or 
rotor speed, however, can be reduced by different methods (discussed in the following article), 
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2.14.6. Difference Between Impulse and Reaction Turbines 


S. No. Aspects Impulse turbine Reaction turbine 

A Pressure drop Only in nozzles and not in moving | In fixed blades (nozzles) as well 
blades. asin moving blades. 

2 Area of blade channels Constant. Varying (converging type). 

a Blades Profile type. Aerofoil type. 

4 Admission of steam Not all round or complete. Allround or complete, 

5. Nozzles! fixed blades Diaphram contains the nozzle. Fixed blades similar to moving| 


blades attached to the casing| 
serve as nozzles and guide 


the steam. 

6 Power Not much power can be developed. | Much power can be developed. 
T Space Requires less space for same power.| Requires more space for 

same pow 
8 Efficiency Low. High. 
9. Suitability Suitable for small power require- | Suitable for medium and higher 
ments. power requirements. 
10. Blade manufacture Not difficult. Difficult, 
2.14.7. Steam Turbine Governing and Control 


The objective of governing is to keep the turbine speed fairly constant irrespective of load. 
The principal methods of steam turbine governing are as follow: 
1. Throttle governing 

2. Nozzle governing 

3. By-pass governing 

4. Combination of 1 and 2 and 1 and 3. 


2.15. STEAM CONDENSERS 


2.15.1. Introduction 
A steam condenser is a device or an appliance in which steam condenses and heat re- 


leased by steam is absorbed by water. It serves the following purposes : 


1. It maintains a very low back pressure on the exhaust side of the piston of the steam 
engine or turbine. Consequently, the steam expands to a greater extent which results in 
an increase in available heat energy for converting into mechanical work. The shaded 
area in Fig. 2.31. (ie., area 44'5'5) shows the increase in work obtained by fitting a 
condenser to a non-condensing engine. The thermal efficiency of a condensing unit there- 
fore is higher than that of non-condensing unit for the same available steam. 

. It supplies to the boiler pure and hot feed water as the condensed steam which is dis- 
charged from the condenser and collected in a hot well, can be used as feed water for the 
boiler. 
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Fig. 2.31 
2.15.2. Vacuum 


Vacuum is sub-atmospheric pressure. It is measured as the pressure depression below 
atmospheric. The condensation of steam in a closed vessel produces a partial vacuum by reason of 
the great reduction in the volume of the low pressure steam or vapour. The back pressure in steam 
engine or steam turbine can be lowered from 0.013 to 0.2 bar abs. or even less. Since the steam 
engines are intermittent flow machines and as such cannot take the advantage of a very low 
vacuum, therefore, for most steam engines the exhaust pressure is about 0.2 to 0.28 bar abs. On the 
other hand, in steam turbines, which are continuous flow machines, the back pressure may be about 
0.025 bar abs. 


2.15.3. Organs of a Steam Condensing Plant 
A steam condensing plant mainly consists of the following organs /elements : 
1. Condenser (to condense the steam). 
2. Supply of cooling (or injection) water. 
3. Wet air pump (to remove the condensed steam, the air and uncondensed water vapour 


and gases from the condenser ; separate pumps may be used to deal with air and 
condensate). 


4. Hot well (where the condensate can be discharged and from which the boiler feed water is 
taken). 


5. Arrangement for recooling the cooling water in case surface condenser is employed. 
2.15.4. Classification of Condensers 


Mainly, condensers are of two types : (1) Jet condensers, (2) Surface condensers.. 

In jet condensers, the exhaust steam and water come in direct contact with each other and 
temperature of the condensate is the same as that of cooling water leaving the condenser. The 
cooling water is usually sprayed into the exhaust steam to cause rapid condensation. 

In surface condensers, the exhaust steam and water do not come into direct contact. The 
steam passes over the outer surface of tubes through which a supply of cooling water is maintained. 
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There may be single-pass or double-pass. In single-pass condensers, the water flows in one direction 
only through all the tubes, while in two-pass condenser the water flows in one direction through the 
tubes and returns through the remainder. 

A jet condenser is simpler and cheaper than a surface condenser. It should be installed when 
the cooling water is cheaply and easily made suitable for boiler feed or when a cheap source of boiler 
and feed water is available. A surface condenser is most commonly used because the condensate 
obtained is not thrown as a waste but returned to the boiler. 


2.15.5. Jet Condensers 

These condensers may be classified as : 

(a) Parallel-flow type 

(6) Counter-flow type 

(c) Ejector type. 

Parallel flow and counter flow condensers are further sub-divided into two types : (i) Low 
level type (ii) High level type. 

In parallel-flow type of condenser, both the exhaust steam and cooling water find their entry 
at the top of the condenser and then flow downwards and condensate and water are finally collected 
at the bottom. 

In counter-flow type, the steam and cooling water enter the condenser from opposite direc- 
tions. Generally, the exhaust steam travels in upward direction and meet the cooling water which 
flows downwards, 

2.15.6. Surface Condensers 


Most condensers are generally classified on the direction of flow of condensate, the arrange- 
ment of the tubing and the position of the condensate extraction pump. The following is the main 
classification of surface condensers : 


(i) Down flow type (ii) Central flow type 
(iii) Inverted flow type (iv) Regenerative type 


(v) Evaporative type. 
2.15.7. Comparison Between Jet and Surface Condensers 


S. No. Jet Condenser Surface Condenser 

1, | Low manufacturing cost. High manufacturing cost. 

2. | Lower up keep. Higher upkeep. 

3. | Requires small floor space. Requires large floor space. 

4. | ‘The condensate cannot be used as feed Condensate can be reused as feed water as it. 
water in the boilers unless the cooling does not mix with the cooling water. 
water is free from impurities. 

5. | More auxiliary power required. Less auxiliary power needed. 


2.16. FEED WATER TREATMENT 


For steam power plants water is one of the most important raw materials. In most of the 
cases, water used for steam power plants contains impurities which must be treated before use. All 
natural waters—even rain, snow, hail, treated municipal supplies contain impurities in one form or 
the other. 
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2.16.1. Classification of Impurities in Water 

The impurities in water may be classified as follows : 

1. Visible impurities : 

G) Microbiological growth. Presence of micro-organisms is always undesirable as they may 
produce clogging troubles. 

(ii) Turbidity and sediments, Turbidity is the suspended insoluble matter whereas sediments 
are the coarse particles which settle down in stationary water, both are objectionable. 


2. Dissolved gases : 
© Carbondioxide Gi) Oxygen. 
(i) Nitrogen (iv) Methane 


(v) Hydrogen sulphide. 

3. Minerals and salts : 

(Ù Iron and manganese (ii) Sodium and potassium salts 
(ii) Flourides (iv) Silica. 

4, Mineral acids. Their presence in water is always undesirable as it may result in the 
chemical reaction with the boiler material. 

5. Hardness. The salts of calcium and magnesium as bicarbonates, chlorides, sulphates etc. 
are mainly responsible for the formation of a very hard surface which resists heat transfer and clogs 
the passages in pipes. Presence of these salts is known as hardness. 

2.16.2. Troubles Caused by the Impurities in Water 

The impurities in water may cause one or more of the following troubles : 

1. Scale formation 
2. Corrosion 

3, Carry over 

4. Embrittlement. 

2.16.3. Methods of Feed Water Treatment 

The different treatments adopted to remove the various impurities are enumerated below : 

1. Mechanical treatment : 

(i) Sedimentation 

(ii) Coagulation 

(iii) Filteration 
(iv) Interior painting. 

2. Thermal treatment : 

(i) Deaeration 

(ii) Distillation by evaporators. 

3. Chemical treatment : 

@ Cold lime-soda softening process 

(ii) Hot lime-soda softening process 

(iii) Lime-phosphate softening process 
(iv) Ion exchange process which may be sodium zeolite process or hydrogen zeolite process. 
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2.17. 


2.18. 


4. Demineralisation. 
5. Blow down : 
(i) Hot lime-soda and hot zeolite process 
Gi) Adding acid to control alkalinity and vice-versa. 
ADVANTAGES AND DISADVANTAGES OF STEAM POWER PLANTS 


Advantages of Steam power plants : 
1. They can respond to rapidly changing loads without difficulty. 
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2. A portion of the steam generated can be used as a process steam in different industries. 


3. Can be located very conveniently near the load centre. 

4. As these plants can be set up near the industry transmission costs are reduced. 
5. Steam engines and turbines can work under 25 per cent of overload continuously. 
6. Fuel used is cheaper. 

7. Less space is required in comparison with that for hydro-electric plants. 

8. Cheaper in production cost in comparison with that of diesel power stations. 

9. Cheaper in initial cost in comparison with that of diesel power stations. 
Disadvantages : 

1. Maintenance and operating costs are high. 

2. The cost of plant increases with increase in temperature and pressure. 

3. Long time required for erection and putting into action. 

4. A large quantity of water is required. 

5. Great difficulty experienced in coal handling. 

6. The plant efficiency decreases rapidly below about 75 per cent load. 

7. Presence of troubles due to smoke and heat in the plant. 


MISCELLANEOUS 


2.18.1. Useful Life of Steam Power Plant Components 
Approximate useful life of some of the components of a steam power plant is given below : 


Components Life (years) 
1. Water tube boiler 20 

2. Coal and ash machinery 10 to 20 
3. Steam turbines 15 to 20 
4. Steam condensers 20 

5. Turbo-generators 10 to 20 
6. Feed water heater 30 

7. Pumps 15 to 20 
8. Transformers 15 to 20 
9. Motors 20 
10. Air compressors 20 to 25 


11. Buildings 50 
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2.18.2. Steam Power Plant Pumps 
The pumps used in a steam power plant are classified as follows : 


1. Reciprocating : 
(i) Direct acting (ii) Power. 
2. Rotary : 
© Vane Gi) Screw 
(iii) Gear (iv) Lobe. 
3. Centrifugal : 
© Volute (i) Diffuser 
(iii) Axial flow (iv) Mixed flow. 
The above mentioned pumps are used for the following services : 
(i) Boiler feed (ii) Circulating water 
(iii) Evaporator feed (iv) Condensate 
(v) Well water (vi) Ash sluicing 
(vii) Fuel oil. 


2.18.3, Cost of Steam Power Plant 
A typical subdivision of investment cost of steam power station is as follows : 


Components Investment cost 
1. Building etc. 25% 
2. Boiler Plant 18% 
3, Turbo-generators and condensers 25% 
4, Fuel handling 6% 
5. Switch yard, switching and wiring 16% 
6. Piping 5% 
7. Miscellaneous 5% 


2.18.4. Comparison of Various types of Power Plants 


‘Nuclear power 


S.No.|Particulars| Steam power 
plants 


centres but other| 
factors water sup-| 
ply, land cost, trans- 
portation facilities 
are to be kept in| 
view. 

Location of steam| 
power plant is some- 
what flexible as 
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2. | Initial cost | Low as compared to| High as compared to] Init 
hydroelectric and| 
atomic ^ power| 


plants. 


The capital cost is 
very high as com- 
pared to all other 
types of power 
plants on account of 
heavy cost of nu- 
clear reactors and 
heavy cost of erec- 
tion as highly spe- 
cialised and expert 
engineers are re- 
quired for its erec- 
tion work. 


3. | Fuel trans-| High, especially| Nil (as no fuel is re-| Higher than that of| Very low (since 
portation cost| when the power| quired). atomic power plant| quantity of fuel re- 


plants are away| but lower than that| quired is very 
from the coal mines| for steam power| small). 
and has no railway plants. 
siding. 
Ty 
cost pared to hydro-| no fuel is required| pared to all other| pared to all other 
plants and atomic| for the operation of| types of power|types of power 
power plants but! the plant). plants. plants except that 
low as compared to| of hydro-electric 
diesel power plant. plants. 
5. | Maintenance | Higher as compared | Maintenance cost is| Maintenance cost is| Maintenance cost 
cost with that of hydro-| comparatively low] comparatively lower| is comparatively 


plants and diesel] (because few skilled| (because lesser op- higher (becauso 
power plants (be-| engineers and small] erating and super-| skilled and well 
cause large operat-| operating staff is re-| vising staff trained staff is re- 


ing staff and more| quired). quired). quired for its oper: 
‘skilled engineers tion and mainte- 
are required). nance). 

6. |Limitof | Source of fuel ie. | Source of power ie. | Source of fuel ie., | The source of power 
source of | coal reserve all over | water in case of hy-| diesel is not avail-| is unlimited since 
power the world is consid-| dro-plants is not de-| able in plenty. | large deposits offis- 

ered to be fixed and| pendable because it sionable material 
therefore coal mines| depends upon the all over the world 
are being exhausted| rainfall which is at are available, 


and time may come| the whim of nature. 
when all of these 
might get ex- 


T. — Transmission | Low (because short| Very high (because| Transmission costis | Very low. 

‘nd distribu- | transmission lines| long transmission | nil and distribution! 
tion cost. | are required). lines are required). |cost is also very 
small. 
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8. — Reliability | Less reliable. More reliable. Less reliable. Reliable. 

9. Simplicity | Atmosphere is pol-| Most simple andj Simple and clean| The handling of 
land cleanli- |luted by fumes and | clean. than steam plants| atomic power 
ness residues of pulver- and atomic power| plantisquite com- 

ised fuels. plants. plicated as radia- 
tion hazards are 
involved in it. Spe- 
cial outfits are de- 
signed and ex- 

10. | Field of appli-| Most economical if|Most economical] These plants are in- 

cation sited near coal|where water source| stalled to supply 
mines and by the is available at a| poweris emergency. 
side of river or|sufficient head. 
canal. 

1L [Standby Maximum as the |No standby losses. | Less standby losses. 
losses boiler remains in 

operation even 
when the turbine is 
not working. 


2.18.5. Thermal Power Stations in India 


Some of the thermal power stations installed in the country or under the process of installa- 
tion are as follow: 


S. No. State Name of power station. Capacity (MW) 
L Andhra Pradesh Kothagndam 240 
3 Assam Gauhati 40 
3. Bihar (D Barauni 140 
Gi) Bokaro 225 
(iii) Patratu 400 
4. Delhi G) Rajghat and I.P. thermal power station 350 
Gi) Badarpur 300 
5. Gujrat () Dhuvaran 530 
Gi) Ukai 240 
6. Haryana (i) Faridabad 200 
Gi) Panipat 220 
" Madhya Pradesh @ Kobra 420 
Gi) Satpura 300 
(Gi) Amarkantak 180 
8. Maharashtra @ Nagpur (Koradi) 480 
Gi) Nasik 280 
Gii) paras 90 
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Pulverised fuel burners are classified as follows : 
(Ù) Long flame burners Gi) Turbulent burners. 
(iii) Tangential burners (iv) Cyclone burners. 


1, Vapourising oil burners : 
(a) Atmospheric pressure atomising burner (b) Rotating cup burner 
(c) Recirculating burner (d) Wick type burner. 
2. Atomising fuel burners : 
(a) Mechanical or oil pressure atomising burner 
(b) Steam or high pressure atomising burner 
(c) Low pressure air atomising burner. 
Fluidised bed may be defined as the bed of solid particles behaving as a fluid. 
Ash handling systems may be classified as follows : 


(i) Mechanical handling system (ii) Hydraulic system 
(iii) Pneumatic system. (iv) Steam jet system. 
M The dust collectors may be classified as follows : 
1. Mechanical just collectors 
(i) Wet type (scrubbers) 
(a) Spray type (b) Packed type. 
(e) Impingement type. 
Gi) Dry type 
(a) Gravitational separators (b) Cyclone separators. 
2. Electrical dust collectors. 
(i) Rod type Gi) Plate type. 


The ‘collection efficiency’ of a dust collector is the amount of dust removed per unit weight of dust. 
pH value of water is the logarithm of the reciprocal of hydrogen ion concentration. It is number from 0 
to 14 with 7 indicating neutral number. 
The small pressure difference which causes a flow of gas to take place is termed as a draught. 
The most important classification of steam turbines is as follows : 
(i) Impulse turbines. (ii) Reaction turbines 
(iii) Combination of impulse and reaction turbines. 


"THEORETICAL QUESTIONS 


How are steam power plants classified ? 

Give the layout of a modern steam power plant and explain it briefly. 

What are the essential requirements of steam power station design ? 

What factors should be taken into consideration while selecting the site for steam power plant ? 
How can the capacity of a steam power plant be determined ? 

On factors does the choice of steam conditions depend ? 

Enumerate the means by which the coal from coal mines can be transported. 

What are the requirements of good coal handling plant ? 

Enumerate and explain the steps involved in handling of the coal. 

Explain with the help of a neat diagram the arrangement of the Fluidised Bed Combustion (FBC) 
system. 


. State the characteristics of a good ash handling plant. 


Enumerate and explain various modern ash-handling systems. 
How are dust collectors classified ? 
Explain with the help of a diagram the working of a ‘cyclone separator’. 
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How do you define the 'collection efficiency' of a dust separator ? 

What are the uses of ash and dust ? 

Give the general layout of ash handling and dust collection system. 

Discuss various methods of compounding steam turbines ? 

Describe briefly the various methods of ‘steam turbine governing’. 

Define a steam condenser and state its functions. 

Explain the reasons for inefficiency in surface condensers. 

Explain the effects of air leakage in a condenser. 

List the advantages and disadvantages of steam power plants. 

Give comparison between steam, hydro-electric, diesel and nuclear power plants. 
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Diesel Engine Power Plant 


3.1, Introduction. 3.2. Advantages and disadvantages of diese! power plants. 3.3. Applications of 
diesel power piant. 3.4. Site selection. 3.5. Heat engines. 3.6. Classification of I.C. engines. 3.7. 
Comparison between a petrol engine and a diesel engine. 3.8. Essential components of a diesel 
power plant : engine, air intake system, exhaust system, fuel system. 3.9. Operation of a diesel 
power plant. 3.10. Types of diese! engines used for diesel power plants. 3.11. Layout of a diesel 
‘engine power plant. Highlights—Theoretical Questions. 


1. 


INTRODUCTION 


© Diesel engine power plants are installed where supply of coal and water is not available in 
sufficient quantity or where power is to be generated in small quantity or where standby 
sets are required for continuity of supply such as in hospitals, telephone exchanges, radio 
stations and cinemas. These plants in the range of 2 to 50 MW capacity are used as central 
stations for supply authorities and works and they are universally adopted to supplement 
hydro-electric or thermal stations where standby generating plants are essential for starting 
from cold and under emergency conditions. 

© In several countries, the demand for diesel power plants is increased for electric power 
generation because of difficulties experienced in construction of new hydraulic plants and 
enlargement of old hydro-plants. A long term planning is required for the development of 
thermo and hydro-plants which cannot keep the pace with many times the increased de- 
mand by the people and industries. 

© The diesel units used for electric generation aremore reliable and long-lived piece of equip- 
ment compared with other types of plants. 


ADVANTAGES AND DISADVANTAGES OF DIESEL POWER PLANTS 
The advantages and disadvantages of diesel power plants are listed below : 
Advantages: 
1. Design and installation are very simple. 
2. Can respond to varying loads without any difficulty. 
3. The standby losses are less. 
4, Occupy less space. 
5. Can be started and put on load quickly. 
6. Require less quantity of water for cooling purposes. 
7. Overall capital cost is lesser than that for steam plants. 
8. Require less operating and supervising staff as compared to that for steam plants. 
9. The efficiency of such plants at part loads does not fall so much as that of a steam plant. 
10. The cost of building and civil engineering works is low. 
11. Can burn fairly wide range of fuels. 
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12. These plants can be located very near to the load centres, many times in the heart of the 
town. 

13. No problem of ash handling. 

14. The lubrication system is more economical as compared with that of a steam power plant. 

15. The diesel power plants are more efficient than steam power plants in the range of 150 
MW capacity. 

Disadvantages: 

1. High operating cost. 

2. High maintenance and lubrication cost. 

3. Diesel units capacity is limited. These cannot be constructed in large size. 

4. In a diesel power plant noise is a serious problem. 

5. Diesel plants cannot supply overloads continuously whereas steam power plant can work 

under 25% overload continuously. 

The diesel power plants are not economical where fuel has to be imported. 


The life of a diesel power plant is quite small (2 to 5 years or less) as compared to that of a 
steam power plant (25 to 30 years). 


af 


APPLICATIONS OF DIESEL POWER PLANT 


The diesel power plants find wide application in the following fields : 

Peak load plant 2. Mobile plants 

Standby units 4. Emergency plant 

Nursery station 6. Starting stations 

Central stations—where capacity required is small (5 to 10 MW) 

Industrial concerns where power requirement is small say of the order of 500 kW, diesel 
power plants become more economical due to their higher overall efficiency. 


3.4. SITE SELECTION 


The following factors should be considered while selecting the site for a diesel power plant : 

1. Foundation sub-soil condition. The conditions of sub-soil should be such that a founda- 
tion at a reasonable depth should be capable of providing a strong support to the engine. 

2. Access to the site. The site should be so selected that it is accessible through rail and 
road. 

3. Distance from the load centre. The location of the plant should be near the load centre. 
‘This reduces the cost of transmission lines and maintenance cost. The power loss is also minimised. 

4. Availability of water. Sufficient quantity of water should be available at the site 
selected. 

5. Fuel transportation. The site selected should be near to the source of fuel supply so that 
transportation charges are low. 


1. 
3. 
5. 
1. 
8. 


3.5. HEAT ENGINES 


Any type of engine or machine which derives heat energy from the combustion of fuel or any 
other sources and converts this energy into mechanical work is termed as a heat engine. 

Heat engines may be classified into two main classes as follows : 

1, External Combustion Engines. 2. Internal Combustion Engines. 

1. External combustion engines (E.C. engines). In this case, combustion of fuel takes 
place outside the cylinder as in case of steam engines where the heat of combustion is employed to 
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3.8.3. Exhaust System 


Refer to Fig. 3.3. The purpose of the exhaust system is to discharge the engine exhaust to the 
atmosphere outside the building. The exhaust manifold connects the engine cylinder exhausts out- 
lets to the exhaust pipe which is provided with a muffler to reduce pressure in the exhaust line and 
eliminate most of the noise which may result if gases are discharged directly into the atmosphere. 

The exhaust pipe leading out of the building should be short in length with minimum number 
of bends and should have one or two flexible tubing sections which take up the effects of expansion, 
and isolate the system from the engine vibration. Every engine should be provided with its independ- 
ent exhaust system. 


Silencer 


Fig. 3.3. Exhaust system. 


The waste heat utilisation in a diesel-steam station may be done by providing waste-heat 
boilers in which most of the heat of exhaust gases from the engine is utilised to raise low pressure 
steam. Such application is common on marine plants. On the stationary power plant the heat of 
exhaust may be utilised to heat water in gas-to-water heat exchangers consisting of a water coil 
placed in exhaust muffler and using the water in the plant suitably. If air heating is required, the 
exhaust pipe from the engine is surrounded by the cold air jacket, and transfers the heat of exhaust 
gases to the air. 


3.8.4. Fuel System 

Refer to Fig. 3.4. 

The fuel oil may be delivered at the plant site by trucks, railroad tank cars or barge and 
tankers. From tank car or truck the delivery is through the unloading facility to main storage tanks 
and then by transfer pumps to small service storage tanks known as engine day tanks. Large storage 
capacity allows purchasing fuel when prices are low. The main flow is made workable and practical 
by arranging the piping equipment with the necessary heaters, by passes, shut-offs, drain lines, 
relief valves, strainers and filters, flow meters and temperature indicators. The actual flow plans 
depend on type of fuel, engine equipment, size of the plant etc. The tanks should contain manholes 
for internal access and repair, fill lines to receive oil, vent lines to discharge vapours, overflow 
return lines for controlling oil flow and a suction line to withdraw oil. Coils heated by hot water or 
steam reduce oil viscosity to lower pumping power needs. 

The minimum storage capacity of at least a month's requirement of oil should be kept in bulk, 
but where advantage of seasonal fluctuations in cost of oil is to be availed, it may be necessary to 
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provide storage for a few month's requirements. Day tanks supply the daily fuel need of engines and 
may contain a minimum of about 8 hours of oil requirement of the engines. These tanks are usually 
placed high so that oil may flow to engines under gravity. 


Fuel unloading 
line 


Bulk Fuel 
storage oil 
O 

Strainers 
Meters 
Day tanks 


To engines 
Fig. 3.4. System of fuel storage for a diesel power plant. 
For satisfactory operation of a fuel oil supply system the following points should be taken 
care of: 

1. There should be provisions for cleanliness and for changing over of lines during emergencies. 

2. In all suction lines the pipe joints should be made tight. 

3. Before being covered, all oil lines should be put under air pressure and the joints tested 
with soap solution. Small air leaks into the line can be the source of exasperating operating 
difficulties and are hard to remedy once the plant is in operation. 

4. The piping between filter and the engine should be thoroughly oil flushed before being 
first placed in service. 

5. Considerable importance should be given for cleanliness in handling bulk fuel oil. Dirt 
particles will ruin the fine lap of injection pumps or plug the injection nozzle orifices. So 
high-grade filters are of paramount importance to the diesel oil supply system. 


3.8.4.1. Fuel injection system 

‘The mechanical heart of the Diesel engine is the fuel injection system. The engine can per- 
form no better than its fuel injection system. A very small quantity of fuel must be measured out, 
injected, atomised, and mixed with combustion air. The mixing problem becomes more difficult—the 
larger the cylinder and faster the rotative speed. Fortunately the high-speed engines are the small- 
bore automotive types ; however, special combustion arrangements such as precombustion cham- 
bers, air cells, etc., are necessary to secure good mixing. Engines driving electrical generators have 
lower speeds and simple combustion chambers. 
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3.8.4.2. Functions of a fuel injection system. 

1. Filter the fuel. 

2. Meter or measure the correct-quantity of fuel to be injected. 

3. Time the fuel injection. 

4, Control the rate of fuel injection. 

5, Automise or break up the fuel to fine particles. 

6. Properly distribute the fuel in the combustion chamber. 

‘The injection systems are manufactured with great accuracy, especially the parts that actually 
meter and inject the fuel. Some of the tolerances between the moving parts are very small of the 


order of one micron. Such closely fitting parts require special attention during manufacture and 
hence the injection systems are costly. 


3.84.3. Types of fuel injection systems 

‘The following fuel injection systems are commonly used in diesel power station : 

1. Common-rail injection system. 

2. Individual pump injection system. 

3. Distributor. 

Atomisation of fuel oil has been secured by (i) air blast and (ii) pressure spray. Early diesel 
engines used air fuel injection at about 70 bar. This is sufficient not only to inject the oil, but also to 
atomise it for a rapid and thorough combustion. The expense of providing an air compressor and 
tank lead to the development of "solid" injection, using a liquid pressure of between 100 and 200 bar 
which is sufficiently high to atomise the oil it forces through spray nozzles. Great advances have 
been made in the field of solid injection of the fuel through research and progress in fuel pump, spray 
nozzles, and combustion chamber design. 


3.9. OPERATION OF A DIESEL POWER PLANT 


When diesel alternator sets are put in parallel, “hunting” or “phase swinging” may be pro- 
duced due to resonance unless due care is taken in the design and manufacture of the sets. This 
condition occurs due to resonance between the periodic disturbing forces of the engine and natural 
frequency of the system. The engine forces result from uneven turning moment on the engine crank 
which are corrected by the flywheel effect. “Hunting” results from the tendency of each set trying to 
pull the other into synchronism and is characterised by flickering of lights. 

To ensure most economical operation of diesel engines of different sizes when working to- 
gether and sharing load it is necessary that they should carry the same percentage of their full load 
capacity at all times as the fuel consumption would be lowest in this condition. For best operation 
performance the manufacturer's recommendations should be strictly followed. 

In order to get good performance of a diesel power plant the following points should be taken 
care of : 

1. It is necessary to maintain the cooling temperature within the prescribed range and use of 
very cold water should be avoided. The cooling water should be free from suspended impurities and 
suitably treated to be scale and corrosion free. If the ambient temperature approaches freezing 
point, the cooling water should be drained out of the engine when it is kept idle. 

2. During operation the/ubrication system should work effectively and requisite pressure and 
témperature maintained. The engine oil should be of the correct specifications and should be in a fit. 
condition to lubricate the different parts. A watch may be kept on the consumption of lubricating oil 
as this gives an indication of the true internal condition of the engine. 
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3. The engine should be periodically run even when not required to be used and should not be 
allowed to stand idle for more than 7 days. 

4. Air filter, oil filters and fuel filters should be periodically serviced or replaced as recom- 

mended by the manufacturers or if found in an unsatisfactory condition upon inspection. 

5. Periodical checking of engine compression and firing pressures and also exhaust tempera- 

tures should be made. 

e The engine exhaust usually provides a good indication of satisfactory performance of the 
engine. A black smoke in the exhaust is a sign of inadequate combustion or engine over- 
locding. 

© The loss of compression resulting from wearing out of moving parts lowers the compression 
ratio causing inadequate combustion. These defects can be checked by taking indicator 
diagrams of the engine after reasonable intervals. 


3.10. TYPES OF DIESEL ENGINES USED FOR DIESEL POWER PLANTS 


The diesel engines may be four-stroke or two stroke cycle engines. The two-stroke cycle engines 
are favoured for diesel power plants. 

Efforts are being made to use "dual fuel engines" in diesel power plants for better economy 
and proper use of available gaseous fuels in the country. The gas may be a waste product as in the 
case of sewage treatment installations or oil fuels where the economic advantage is self evident. 
With the wider availability of natural gas, the dual fuel engines may become an attractive means of 
utilising gas as fuel at off-peak tariffs for the electric power generation. 


Working of Dual Fuel Engines : 

The various strokes of a dual fuel engine are as follows : 

1. Suction stroke. During this stroke air and gas are drawn in the engine cylinder. 

2. Compression stroke. Duri stroke the pressure of the mixture drawn is increased. 
Near the end of this stroke the ‘pilot oil’ is injected into the engine cylinder. The compression heat 
first ignites the pilot oil and then gas mixture, 

3. Working/power stroke. During this stroke the gases (at high temperature) expand and 
thus power is obtained. 

4. Exhaust stroke. The exhaust gases are released to the atmosphere during the stroke. 


3.11. LAYOUT OF A DIESEL ENGINE POWER PLANT 


Fig. 3.5 shows the layout of a diesel engine power plant. 

‘The most common arrangement for diesel engines is with parallel centre lines, with some 
room left for extension in future. The repairs and usual maintenance works connected with such 
engines necessitate sufficient space around the units and consideration should be given to the need 
for dismantling and removal of large components of the engine generator set. The air intakes and 
filters as well as the exhaust mufflers are located outside the building or may be separated from the 
‘main engine room by a partition wall. The latter arrangement is not vibration free. Adequate space 
for oil storage and repair shop as well as for office should be provided close to the main engine room. 
Bulk storage of oil may be outdoor. The engine room should be well ventilated. 
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Fig. 3.5. Layout of a diesel engine power plant, 


HIGHLIGHTS 


1, Any type of engine or machine which derives heat energy from the combustion of fuel or any other 
source and converts this energy into mechanical work is termed as a heat engine. 
2, Essential components of a diesel power plant are : 


(i) Engine (ii) Air intake system 
Gü) Exhaust system (iv) Fuel system 
(o) Cooling system. (vi) Lubrication system 
(vii) Engine starting system. (viii) Governing system. 
3. Commonly used fuel injection system in a diesel power station : 
(i) Common-rail injection system 
(ii) Individual pump injection system 
(iii) Distribution system. 
4. In liquid cooling following methods are used for circulating the water around the cylinder and cylinder 
head: 
(i) Thermo-system cooling (ii) Forced or pump cooling 


(iii) Cooling with thermostatic regulator (iu) Pressurised cooling 
(v) Evaporative cooling. 
5. Various lubrication systems use for LC. engines are : 
(i) Wet sump lubrication system 
ii) Dry sump lubrication system. 
ii) Mist lubrication system. 
6. The following three are the commonly used starting systems in large and medium size engines : 
(@ Starting by an auxiliary engine 
(ii) Use of electric motors or self starters 
Gii) Compressed air system. 
7. The purpose of supercharging is to raise the volumetric efficiency above that value which can be ob- 
tained by normal aspiration. 
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THEORETICAL QUESTIONS 


What are the advantages and disadvantages of diesel power plants ? 
State the applications of diesel power plant. 

What factors should be considered while selecting a site for a diesel power plant ? 

With the help of neat sketches give the construction and working of a four stroke diesel cycle engine. 
List the essential components of a diesel power plant and explain them briefly. 

Name and explain briefly various types of fuel injection systems. 

Describe briefly the commonly used starting systems in large and medium size engines. 

Discuss briefly the basic designs of C.I. engine combustion. 

Give the types of diesel engines used for diesel power plants. 


. Give the layout of a diesel engine power plant. 
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Gas Turbine Power Plants 


4.1. Gas turbines—General aspects. 4.2. Applications of gas turbine plants. 4.3. Advantages and 
disadvantages of gas turbine power plants over diesel and thermal power plants. 4.4. Site selection. 
4.5. The simple gas turbine plant. 4.6. Energy cycle for a simple-cycle gas turbine. 4.7. Performance 
terms. 4.8. Classification of gas turbine power plants. 4.9. Classification of gas turbines. 4.10. Combination 
gas turbine cycles—Combined turbine and steam power plants—Combined gas turbine and diesel power 

plants—Advantages of combined cycle. 4.11. Operation of a gas turbine. 4.12. Gas turbine power plant 
layout. 4.13, Components of a gas turbine power plant. 4.14, Various arrangements of gas turbine power 
plants. 4.15. Etfect of thermodynamic variables on air rate. Highlights—Theoretical Question: 


GAS TURBINES—GENERAL ASPECTS 


Probably a windmill was the first turbine to produce useful work, wherein there is no pre- 
compression and no combustion. The characteristic features of a gas turbine as we think of the 
name today include a compression process and a heat-addition (or combustion) process. The gas 
turbine represents perhaps the most satisfactory way of producing very large quantities of power 
in a self-contained and compact unit. The gas turbine may have an ample future use in conjunc- 
tion with the oil engine. For smaller gas turbine units, the inefficiencies in compression and 
expansion processes become greater and to improve the thermal efficiency it is necessary to use a 
heat exchanger. In order that a small gas turbine may compete for economy with the small oil 
engine or petrol engine it is necessary that a compact effective heat exchanger be used in the gas 
turbine cycle. The thermal efficiency of the gas turbine alone is still quite modest 20 to 30% 
compared with that of a modern steam plant 38 to 40%. It is possible to construct combined plants 
whose efficiencies are of the order of 45% or more. Higher efficiencies might be attained in future. 

The following are the major fields of application of gas turbines : 

1. Aviation 

2. Power generation. 

3. Oil and gas industry 

4. Marine propulsion. 

The efficiency of a gas turbine is not the criteria for the choice of this plant. A gas turbine is 
used in aviation and marine fields because it is self contained, light weight not requiring cooling 
water and generally fit into the overall shape of the structure. It is selected for ‘power generation’ 
because of its simplicity, lack of cooling water, needs quick installation and quick starting. It is 
used in oil and gas industry because of cheaper supply of fuel and low installation cost. 

‘The gas turbines have the following “limitations” : 

1. They are not self starting. 

2. Low efficiencies at part loads. 
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3. Non-reversibility. 

4. Higher rotor speeds. 

5. Low overall plant efficiency. 

In the last two decides, rapid progress has been observed in the development and improve- 


ment of the gas turbine plants for electric power production. The major progress has been ob- 
served in the following directions : 


tions : 


4.3. 


@ Increase in unit capacities of gas turbine units. 
(ii) Increase in their efficiency. 
(ii) Drop in capital cost. 


APPLICATIONS OF GAS TURBINE PLANTS 
Gas turbine plants for the purpose of power plant engineering find the following applica- 


1. To drive generators and supply peak loads in steam, diesel or hydroplants. 

2. To work as combination plants with conventional steam boilers. 

3. To supply mechanical drive for auxiliaries. 

© These plants are well suited for peak load service since the fuel costs are somewhat 
higher and initial cost low. Moreover, peak load operation permits use of water injection 
which increases turbine work by about 40% with an increase in heat rate of about 20%. 
The short duration of increase in heat rate does not prove of any much harm. 

© The combination arrangement of gas turbines with conventional boilers may be super- 
charging or for heat recovery from exhaust gases. In the supercharging system air is 
supplied to the boiler under pressure by a compressor mounted on the common shaft 
with turbine and gases formed as result of combination after coming out of the boiler 
pass through the gas turbine before passing through the economiser and the chimney. 

© The application of the gas turbine to drive the auxiliaries is not strictly included under 
direct electric power generation by the turbines and would not be discussed. 


ADVANTAGES AND DISADVANTAGES OF GAS TURBINE POWER PLANTS OVER 
DIESEL AND THERMAL POWER PLANTS 
A. Advantages Over Diesel Plants : 

1. The work developed per kg of air is large compared with diesel plant. 

2. Less vibrations due to perfect balancing. 

3. Less space requirements. 

4. Capital cost considerably less. 

5. Higher mechanical efficiency. 

6. The running speed of the turbine (40,000 to 100,000 r.p.m.) is considerably large com- 

pared to diesel engine (1000 to 2000 r.p.m.). 

7. Lower installation and maintenance costs. 

8. The torque characteristics of turbine plants are far better than diesel plants. 

9. The ignition and lubrication systems are simpler. 


10. The specific fuel consumption does not increase with time in gas turbine plant as rapidly 
as in diesel plants. 


11. Poor quality fuels can be used. 
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Disadvantages : 
1. Poor part load efficiency. 
2. Special metals and alloys are required for different components of the plants. 
3. Special cooling methods are required for cooling the turbine blades. 
4. Short life. 


B. Advantages Over Steam Power Plant : 
1. No ash handling problem. 
2. Low capital cost. 
3. The gas turbine plants can be installed at selected load centre as space requirement is 
considerably less where steam plant cannot be accommodated. 
4. Fewer auxiliaries required/used. 
5. Gas turbines can be built relatively quicker. They require much less space and civil 
engineering works and water supply. 
6. The gas turbine plant as peak load plant is more preferable as it can be brought on load 
quickly and surely. 
7. The components and circuits of a gas turbine plant can be arranged to give the most 
economic results in any given circumstances which is not possible in case of steam 
power plants. 
For the same pressure and initial temperature conditions the ratio of exhaust to inlet 
volume would be only 3.95 in case of gas turbine plant as against 250 for steam plant. 
9. Above 550°C, the thermal efficiency of the gas turbine plant increases three times as 
fast the steam cycle efficiency for a given top temperature increase. 

10. The site of the steam power plant is dictated by the availability of large cooling water 
whereas an open cycle gas turbine plant can be located near the load centre as no cooling 
water is required. The cooling water required for closed cycle gas turbine is hardly 10% 
of the steam power plant. 


11. The gas turbine plants can work quite economically for short running hours. 
12, Storage of fuel is much smaller and handling is easy. 


o 


SITE SELECTION 
While selectinig the site for a gas turbine plant. The following points should be given due 


consideration : 


4.5. 


1. The plant should be located near the load centre to avoid transmission costs and losses. 
2. The site should be away from business centres due to noisy operations. 

3. Cheap and good quality fuel should be easily available. 

4. Availability of labour. 

5. Availability of means of transportation. 

6. The land should be available at a cheap price. 

7. The bearing capacity of the land should be high. 


THE SIMPLE GAS TURBINE PLANT 
A gas turbine plant may be defined as one “in which the principal primemover is of the 


turbine type and the working medium is a permanent gas”. 
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Refer Fig. 4.1. A simple gas turbine plant consists of the following : 

1. Turbine. 

2. A compressor mounted on the same shaft or coupled to the turbine. 

3. The combustor. 

4. Auxiliaries such as starting device, auxiliary lubrication pump, fuel system, oil system 
and the duct system ete. 


Fig. 4.1. Arrangement of a simple gas turbine plant. 


A modified plant may have in addition to above an intercooler, a regenerator, a reheater etc. 

‘The working fluid is compressed in a compressor which is generally rotary, multistage 
type. Heat energy is added to the compressed fluid in the chamber. This high energy fluid, at high 
temperature and pressure, then expands in the turbine unit thereby generating power. Part of 
the power generated is consumed in driving the generating compressor and accessories and the 
rest is utilised in electrical energy. The gas turbines work on open cycle, semi-closed cycle or closed 
cycle. In order to improve efficiency, compression and expansion of working fluid is carried out in 
multistages. 


4.6. ENERGY CYCLE FORA SIMPLE-CYCLE GAS TURBINE 


Fig. 4.2 shows an energy-flow diagram for a simple-cycle gas turbine, the description of 
which is as follows : 
© The air brings in minute amount of energy (measured above 0°C). 
Compressor adds considerable amount of energy. 
Fuel carries major input to cycle. 
‘Sum of fuel and compressed-air energy leaves combustor to enter turbine. 
In turbine smallest part of entering energy goes to useful output, largest part leaves in 
exhaust. 
Shaft energy to drive compressor is about twice as much as the useful shaft output. 
Actually the shaft energy keeps circulating in the cycle as long as the turbine runs, The 
important comparison is the size of the output with the fuel input. For the simple-cycle gas 
turbine the output may run about 20 per cent of the fuel input for pressure and temperature 
conditions at turbine inlet. This means 80% of the fuel energy is wasted. While the 20% thermal 
efficiency is not too bad, it can be improved by including additional heat recovery apparatus. 
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Fig. 4.2. Energy flow diagram for gas-turbine unit. 


4.7. PERFORMANCE TERMS 


Some of the important terms used to measure performance of a gas turbine are defined as 
follows : 


1. Pressure ratio. It is the ratio of cycle's highest to its lowest pressure, usually highest- 
pressure-compressor discharges to the lowest-pressure-compressor inlet pressures. 

2. Work ratio. It is the ratio of network output to the total work developed in the turbine or 
turbines. 

3. Air ratio. Kg of air entering the compressor inlet per unit of cycle net output, for exam- 
ple, kg/kWh. 

4. Compression efficiency. It is the ratio of work needed for ideal air compression through 
a given pressure range to work actually used by the compressor. 

5. Engine efficiency. It is the ratio of the work actually developed by the turbine expand- 
ing hot power gas through a given pressure range to that would be yielded for ideal expansion 
conditions. 

6. Machine efficiency. It is the collective term meaning both engine efficiency and com- 
pressor efficiency of turbine and compressor, respectively. 

7. Combustion efficiency. It is the ratio of heat actually released by 1 kg of fuel to heat 
that would be released by complete perfect combustion. 


8. Thermal efficiency. It is the percentage of total energy input appearing as net work 
output of the cycle. 


4.8. CLASSIFICATION OF GAS TURBINE POWER PLANTS 
The gas turbine power plants may be classified according to the following criteria : 
1. By application : 
© In aircraft 
(a) Jet propulsion. (b) Propjets 
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Gi) Stationary 
(a) Peak load unit 
(c) End of transmission line unit. 
(e) Industrial unit. 
ii) Locomotive 
(iv) Marine 
(v) Transport. 
2. By cycle: 
(i) Open cycle 
(iii) Semi-closed cycle. 
3. According to arrangement į 
i) Simple 
(iii) Multi-shaft 
(v) Reheat 
(vii) Combination. 
4. According to combustion : 
(i) Continuous combustion 
5. By fuel : 
@ Solid fuel 
(iii) Gaseous fuel. 
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(6) Standby unit 
(d) Base load unit 


Gi) Closed cycle 


Gi) Single shaft. 
Gv) Intercooled 
(vi) Regenerative 


Gi) Intermittent combustion. 


(ii) Liquid fuel 


CLASSIFICATION OF GAS TURBINES 


The gas turbines are mainly divided into two groups : 
1. Constant pressure combustion gas turbine 
(a) Open cycle constant pressure gas turbine 

(b) Closed cycle constant pressure gas turbine. 


2. Constant volume combustion gas turbine 

In almost all the fields open cycle gas turbine plants are used, Closed cycle plants were 
introduced at one stage because of their ability to burn cheap fuel. In between their progress 
remained slow because of availability of cheap oil and natural gas. Because of rising oil prices, now 
again, the attention is being paid to closed cycle plants. 


4.10. COMBINATION GAS TURBINE CYCLES 


4.10.1. Combined Turbine and Steam Power Plants 

The characteristics of the gas turbine plants render these plants very well suited for use in 
combination with steam or hydro-plants. These plants can be quickly started for emergency or 
peak load service. The combination ‘gas-turbine-steam cycles’ aim at utilising the heat of exhaust 
gases from the gas turbine and thus, improve the overall plant efficiency. 

Three popular designs of combination cycle comprise of : 


1. Heating feed water with exhaust gases. 


2. Employing the gases from a supercharged boiler to expand in the gas turbine. 
3. Employing the gases as combustion air in the steam boiler. 
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the gases are expanded in the gas turbine, its exhaust being used to heat feed water before 
being discharged through the stack. The heat transfer rate in this boiler is very high as compared 
to that in a conventional boiler due to higher pressure of gases ; and a smaller size of steam 
generator is needed for the same steam raising capacity as of the conventional plant, Further 
more, since the gases in the furnace are already under pressure, no induced draught or forced 
draught fans are needed and there is saving in power consumption which would otherwise be 
spent in mechanical draught supply. Through this combination an overall improvement in heat 
rate is to the extent of above 7 percent. 

3. Employing the gases as combustion air in the steam boiler : 

Refer Fig. 4.5. When exhaust gases are used as preheated air for combustion in the boiler, 
an improvement of about 5 percent in overall heat rate of the plant results. The boiler is fed with 
supplementary fuel and air, and is made larger than the conventional furnace, If only the turbine 
exhaust is used in the furnace without any supplementary fuel firing, the arrangement becomes a 
waste heat boiler. 


To chimney 


Fig. 4.5. Use of exhaust gases for combustion in the furnance of the steam plant. 


Fig. 4.6 shows the gain in heat rate due to combination cycle. 
© Fig. 4.7 shows the comparison of a steam and closed cycle gas plant. 
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Fig. 4.7. Comparison between steam and closed cycle gas turbine plant. 
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4.10.2. Combined Gas Turbine and Diesel Power Plants 

The performance of a diesel engine can be improved by combining it with an exhaust driven 
gas turbine. It can be achieved by the following three combinations : 

1. Turbo-charging. 

2. Gas-generator. 

3. Compound engine. 

1. Turbo-charging : 

Refer Fig. 4.8. This method is known as supercharging. Here the exhaust of the diesel 
engine is expanded in the gas turbine and the work output of the gas turbine is utilised to run a 
compressor which supplies the pressurised air to the diesel engine to increase its output. The load 
is coupled to the diesel engine shaft and the output of the gas turbine is just sufficient to run the 


ain 
LI Power 
Ea 7 


Air Exhaust 


Fig. 4.8. Turbo-charging. 

2. Gas-generator : 

Fig. 4.9 shows the schematic arrangement. Here the compressor which supplies the com- 
pressed air to the diesel engine is not driven from gas turbine but from the diesel engine through 
some suitable drive. The output of the diesel engine is consumed in driving the air compressor and 
the gas turbine supplies the power. 


Air 


Fig. 4.9. Gas-generator. 
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e Whereas the major portion of the total space is occupied by the intercoolers, combustion 
chambers, heat exchangers, waste heat boilers and interconnecting duct work, the ro- 
tating parts of the plant form a very small part of the total volume of the plant. 


4.13. COMPONENTS OF A GAS TURBINE POWER PLANT 
The main components of a gas turbine power plant are enumerated and discussed as 


1. Gas turbines 

2. Compressors 

3. Combustor 

4. Intercoolers and regenerators. 


1. Gas turbines : 

A turbine basically employs vanes or blades mounted on a shaft and enclosed in a casing. 
The flow of uid through the turbine in most design is axial and tangential to the rotor at a 
nearly constant or increasing radius. The basic requirements of the turbines are : (i) Light 
weight (ii) High efficiency (iii) Reliability in operation and (iv) Long working life. Large work 
output can be obtained per stage with high blade speods when the blades are designed to sustain 
higher stresses. More stages of the turbine are always preferred in gas turbine power plant 
because it. helps to reduce the stresses in the blades and increases the overall life of the turbine. 

It is essential to cool the gas turbine blades for long life as these are continuously subjected 
to high temperature gases. The blades can be cooled by different methods, the common method 
being the air-cooling. The air is passed through the holes provided through the blade. 

The following accessories are fitted to the turbine : 

@ Tachometer, It shows the speed of the machine and also actuates the fuel regulator in 
case the speed shoots above or falls below the regulated speed, so that the fuel regulator admits less 
or more fuel into the combustor and varies the turbine power according to the demand. The ta- 
chometer is driven through a gear box. 

(ii) An overspeed governor. The governor backs off fuel feed if exhaust temperature from the 
turbine exceeds the safe limit, thermal switches at the turbine exhaust acting on fuel control to 
maintain present maximum temperature. 

(iii) Lubricating oil pump. It supplies oil to the bearings under pressure. 

(iv) Starting motor or engine 

(v) Starting set-up gear 

(vi) Oil coolers 

(vii) Filters 
(viii) Inlet and exhaust mufflers. 


2. Compressors : 

‘The compressors which are commonly used are of the following two types : 

1. Centrifugal type. 

2. Axial flow type. 

© The ‘centrifugal compressor’ consists of an impeller nd a diffuser. The impeller 
imparts the high kinetic energy to the air and diffuser converts the kinetic energy 
into the pressure energy. The pressure ratio of 2 to 3 is possible with single stage 
compressor and it can be increased upto 20 with 3-stage compressor. The compressors 
may have single or double inlet. The single inlet compressors are designed to handle 
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Fig. 4.13. Multi-stage single flow axial compressor. 

An axial compressor is capable of delivering constant volumes of air over varying discharge 
pressures, These machines are well suited for large capacities at moderate pressures. If the impeller 
of acentrifugal compressor is designed to give an axial component of velocity at the exit, the design 
becomes a mixed flow type. 

3. Combustor : 

The primary function of the combustor is to provide for the chemical reaction of the fuel and 
air being supplied by the compressor. It must fulfil the following conditions : 

(i) Combustion must take place at high efficiency because of the effect of the combustion 
efficiency on the thermal efficiency of the gas turbine cycle. 

(ii) The pressure losses must be low. 

(iii) Ignition must be reliable and accomplished with ease over a wide range of atmospheric 
condition especially in aircraft installation. 
(iv) Thorough mixing of fuel and air. 

(v) Carbon deposits must not be formed under any conditions. 

The physical process of combustion may be divided into four important steps : 

1. Formation of reactive mixture 

2. Ignition 

3, Flame propagation 

4, Cooling of combustion products with air. Atomisation should be done for perfect burning. 

Fig. 4.14 shows an arrangement of a typical combustor design which employs an outer 
cylindrical shell with aconical inner sleeve which is provided with ports or slots along the length. At 
the cone apex is fitted a nozzle through which fuel is sprayed in a conical pattern into the sleeve and 
near this is an igniting device or spark plug. A fuel line conveys the fuel to the nozzle. A few air ports 
provided close to the situation of the nozzle supply the combustion air directly to the fuel and are 
fitted with vanes to produce a whirling motion of oil and thereby create turbulence. The rest of the 
air admitted ahead of combustion zone serves to cool the combustor and outlet gases. The combustor 
is best located between the compressor outlet and turbine inlet and takes the shape of a cylinder. 
Alternatively, the ‘can’ arrangement may be used in which the flow is divided to pass through a 
number of smaller cylindrical chambers. In this latter design the adjacent chambers may be 


96 POWER SYSTEM ENGINEERING 


interconnected through small tubes so that a simple igniting device fitted in one of the chambers 
serves all the chambers. 

The nozzle sprays the fuel under pressure in an atomised conical spray. The fuel is delivered 
to the nozzle through the fuel line and flows out through tangential slots in the nozzle, thus being 
given a whirling motion in an annular chamber from where it passes out through a small orifice in 
the conical pattern of desired angle. 


eo 


t Fuel line 
Fig. 4.14. Arrangement of a combustor. 
4. Intercoolers and regenerators : 
Intercoolers. In a gas turbine plant the intercooler is generally used when the pressure 
ratio used is sufficiently large and the compression is completed with two or more stages. The ccol- 


ing of compressed air is generally done with the use of cooling water. A cross-flow type intercooler 
(Fig. 4.15) is generally preferred for effective heat transfer. 
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Fig. 4.15. Intercooler. 
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Regenerators. Refer to Fig. 4.16. In the regenerator heat transfer takes place between the 
exhaust gases and cool air. It is usually made in shell and tube construction with gas flowing inside 
the tubes and air outside the tubes, the two fluids being made to flow in opposite directions. Since 
the gas is bound to carry dust and deposit the same on the heat transfer surface, the internal flow 
through the tubes is convenient as the tube inside can be easily cleaned with brushes whereas it is 
very difficult to clean the outside surface of tubes. The effect of counterflow is the highest average 
temperature difference between the heating and heated medium with consequent high heat transfer 
between the two fluids. A number of baffles in the air put in the shell make the air to flow in contact. 
with maximum heat transfer. However, the pressure drop in both air and gas during the flow should. 
be minimum possible. 


Fig. 4.16. Regenerator. 


4.14. VARIOUS ARRANGEMENTS OF GAS TURBINE POWER PLANTS 


The various arrangements of gas turbine plants are shown in Figs. 4.17 to 4.22. 
Exhaust 


H.PT. = High pressure turbine 
LPT. = Low pressure turbine 
H.E. = Heat exchanger 


Fig. 4.17. Open cycle gas turbine with separate power turbine. 
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Air in LPC. = Low pressure compressor 
H.PC. = High pressure compressor 


Fig. 4.19. Parallel flow gas turbine plant. 
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Fig. 4.24. Effect of the compressor inlet temperature on air rate. 
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Fig. 4.25. Effect of compressor and turbine efficiencies on air rate. 
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Fig. 4.26. Effect of thermal refinements on air rate. 


HIGHLIGHTS 
‘The major fields of application of gas turbines are : 
G) Aviation (ii) Power generation 
(iii) Oil and gas industry (iv) Marine propulsion. 


Agas turbine plant may be defined as one “in which the principal prime-mover is of the turbine type and 
the working medium is a permanent gas”. 

A simple gas turbine plant consists of the following : 

(i) Turbine Gi) Compressor 

(iii) Combustor (iv) Auxiliaries. 

‘A modified plant may have in addition an intercooler, a regenerator, a reheater etc. 

Methods for improvement of thermal efficiency of open cycle gas turbine plant are : 

i) Intercooling Gi) Reheating Gii) Regeneration. 

Free-piston engine plants are the conventional gas turbine plants with the difference that the air com- 
pressor and combustion chamber are replaced by a free piston engine. 


What are the major fields of application of gas turbine ? 
State the limitations of gas turbines. 
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List the applications of gas turbine plants. 
State the advantages and disadvantages of gas turbine power plants over diesel and thermal power 
plants. 

What factors should be considered while selecting a site for a gas turbine power plant ? 

Give the description of a simple gas turbine plant. 

Explain with the help of a neat diagram the energy cycle for a simple-cycle gas turbine. 

Define the following performance terms : 

Air ratio, Pressure ratio, Work ratio, Compressor efficiency, Engine efficiency, Machine efficiency, Com- 
bustion efficiency and Thermal efficiency. 

How are gas turbine power plants classified ? 

How are gas turbines classified ? 

What do you mean by “combination gas turbine cycles". Explain briefly combined gas turbine and steam 
power plants. 

List the advantages of ‘combined cycle’. 

How is a gas turbine ‘started’ and ‘shut down’ ? 

Explain with a neat sketch the layout of a gas turbine power plant. 

Enumerate and explain briefly the components of a gas turbine power plant. 
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Hydro-Electric Power Plant 


5.1. Introduction. 5.2. Application of hydro-electric plants. 5.3. Advantages and disadvantages of 
hydro-electric plants. 5.4. Selection of site for a hydro-electric plant. 5.5. Essential features/elements 
iIchment area—Reservoir—Dai 


torage type and microhydel plants. 5.7. Hydraulic 
turbines Classification of hydraulic turbines— Description of various types of 
speed of a turbine—Elficiencies of a tion— Performance of hydraulic turbines—Gov. 


eming of hydraulic turbines—Selection of turbines. 5.8. Plant layout. 5.9. Hydro-plant auxiliaries. 
5.10. Cost of hydro-plant. 5.11. Average life of hydro-plant components. 5.12. Hydro-plant controls. 


run-off—Hydi 
ment in India. Highlights Theoretical 


INTRODUCTION 


© Inhydro-electric plants energy of water is utilised to move the turbines which in turn run 
the electric generators. The energy of water utilised for power generation may be kinetic 
or potential. The Kinetic energy of water is its energy in motion and is a function of mass 
and velocity, while the potential energy is a function of the difference in level/head of 
water between two points. In either case continuous availability of a water is a basic 
necessity ; to ensure this, water collected in natural lakes and reservoirs at high altitudes 
may be utilised or water may be artificially stored by constructing dams acrosé flowing 
streams. The ideal site is one in which a good system of natural lakes with substantial 
catchment area, exists at a high altitude. Rainfall is the primary source of water and 
depends upon such factors as temperature, humidity, cloudiness, wind etc. The useful- 
ness of rainfall for power purposes further depends upon several complex factors which 
include its intensity, time distribution, topography of land etc. However it has been ob- 
served that only a small part of the rainfall can actually be utilised for power generation. 
A significant part is accounted for by direct evaporation, while another similar quantity 
seeps into the soil and forms the underground storage. Some water is also absorbed by 
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Fig. 5.1. Flow sheet of hydro-electric power plant. 


5.6. CLASSIFICATION OF HYDRO-ELECTRIC POWER PLANTS 


Hydro-electric power stations may be classified as follows : 
A. According to availability of head : 

1. High head power plants 

2. Medium head power plants 

3. Low head power plants. 
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B. According to the nature of load : 

1. Base load plants 

2. Peak load plants. 

C. According to the quantity of water available : 
1. Run-of-river plant viitho:. pondage 

2, Run-of-river plant with pondage 

3. Storage type plants 

4. Pump storage plants 

5. Mini and micro-hydel plants 

A. According to availability of head : 

The following figures give a rough idea of the heads under which the various types of plants 


(i) High head power plants 100 m and above 
(ii) Medium head power plants 30 to 100 m 
(iii) Low head power plants 25 to 80 m. 


Note. It may be noted that figures given above overlap each other. Therefore it is difficult to classify the 
plants directly on the basis of head alone. The basis, therefore, technically adopted is the specific speed of the 
turbine used for a particular plant. 

5.6.1. High Head Power Plants 

‘These types of plants work under heads ranging from 100 to 2000 metres. Water is usually 
stored up in lakes on high mountains during the rainy season or during the season when the snow 
melts. The rate of flow should be such that water can last throughout the year. 

Fig. 5.2 shows high head power plant layout. Surplus water discharged by the spillway can- 
not endanger the stability of the main dam by erosion because they are separated. The tunnel through 
the mountain has a surge chamber excavated near the exit. Flow is controlled by head gates at the 
tunnel intake, butterfly valves at the top of the penstocks, and gate valves at the turbines. This type 
of site might also be suitable for an underground station. 

‘The Pelton wheel is the common primemover used in high head power plants. 


Fig. 52. High bend power plant layout: The main dam, spillway, and powerhouse 
widely separated locations. Water flows from the reservoir 
through a tunnel and penstocks to the turbines. 
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5.6.2. Medium Head Power Plants 

Refer Fig. 5.3. When the operating head of water lies between 30 to 100 metres, the power 
plant is known as medium head power plant. This type of plant commonly uses Francis turbines. The 
forebay provided at the beginning of the penstock serves as water reservoir. In such plants, the 
water is generally carried in open canals from main reservoir to the forebay and then to the power- 
house through the penstock. The forebay itself works as a surge tank in this plant. 


Fig. 5.3. Medium head power plant layout. 


5.6.3. Low Head Power Plants 


Refer Fig. 5.4. These plants usually consist of a dam across a river. A sideway stream di- 
verges from the river at the dam. Over this stream the power house is constructed. Later this chan- 
nel joins the river further downstream. This type of plant uses vertical shaft Francis turbine or 
Kaplan turbine. 


Fig. 5.4. Low head power plant layout. 
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B. According to the nature of load : 
5.6.4. Base Load Plants 


The plants which cater to the base load of the system are called base load plants. These 
plants are required to supply a constant power when connected to the grid. Thus they run without 
stop and are often remote-controlled with which least staff is required for such plants. Run-of-river 
plants without pondage may sometimes work as baseload plant, but the firm capacity in such cases, 
will be much less. 


5.6.5. Peak Load Plants 


The plants which can supply the power during peak loads are known as peak load plants. 
Some of such plants supply the power during average load but also supply peak load as and when it 
is there ; whereas other peak load plants are required to work during peak load hours only. The run- 
of-river plants may be made for the peak load by providing pondage. 


C. According to the quantity of water available : 
5.6.6. Run-of-river Plants without Pondage 


A run-of-river plant without pondage, as the name indicates, does not store water and uses 
the water as it comes. There is no control on flow of water so that during high floods or low loads 
water is wasted while during low run-off the plant capacity is considerably reduced. Due to non- 
uniformity of supply and lack of assistance from a firm capacity the utility of these plants is much less 
than those of other types. The head on which these plants work varies considerably. Such a plant can 
be made a great deal more useful by providing sufficient storage at the plant to take care of the 
hourly fluctuations in load. This lends some firm capacity to the plant. During good flow conditions 
these plants may cater to base load of the system, when flow reduces they may supply the peak 
demands. Head water elevation for plant fluctuates with the flow conditions. These plants without 
storage may sometimes be made to supply the base load, but the firm capacity depends on the 
minimum flow of river. The run-of-river plant may be made for load service with pondage, though 
storage is usually seasonal. 


5.6.7. Run-of-river Plants with Pondage 


Pondage usually refers to the collection of water behind a dam at the plant and increases the 
stream capacity for a short period, say a week. Storage means collection of water in up stream 
reservoirs and this increases the capacity of the stream over an extended period of several months. 
Storage plants may work satisfactorily as base load and peak load plants. 

This type of plant, as compared to that without pondage, is more reliable and its generating 
capacity is less dependent on the flow rates of water available. 

5.68. Storage Type Plants 

A storage type plant is one with a reservoir of sufficiently large size to permit carry-over 
storage from the wet reason to the dry reason, and thus to supply firm flow substantially more than 
the minimum natural flow. This plant can be used as base load plant as well as peak load plant as 
water is available with control as required. The majority of hydro-electric plants are of this type. 
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5.6.9. Pumped Storage Plants 
Refer to Fig. 5.5. 


Fig. 5.5. Pumped storage plant. 


Pumped storage plants are employed at the places where the quantity of water available for 
power generation is inadequate. Here the water passing through the turbines is stored in 'tail race 
pond’. During low load periods this water is pumped back to the head reservoir using the extra 
energy available. This water can be again used for generating power during peak load period: 
Pumping of water may be done seasonally or daily depending upon the conditions of the site and the 
nature of the load on the plant. 

Such plants are usually interconnected with steam or diesel engine plants so that off peak 
capacity of interconnecting stations is used in pumping water and the same is used during peak load 
periods. Of course, the energy available from the quantity of water pumped by the plant is less than 
the energy input during pumped operation. Again while using pumped water the power available is 
reduced on account of losses occuring in primemovers. 

Advantages. The pump storage plants entail the following advantages : 

1. There is substantial increase in peak load capacity of the plant at comparatively low 
capital cost. 

2. Due to load comparable to rated load on the plant, the operating efficiency of the plant is 
high. 

3. There is an improvement in the load factor of the plant. 

4. The energy available during peak load periods is higher than that of during off peak 
periods so that inspite of losses incurred in pumping there is over-all gain. 

5. Load on the hydro-electric plant remains uniform. 

6. The hydro-electric plant becomes partly independent of the stream flow conditions. 

Under pump storage projects almost 70 percent power used in pumping the water can be 
recovered. In this field the use of “Reversible Turbine Pump” units is also worth noting. These units 
can be used as turbine while generating power and as pump while pumping water to storage. The 
generator in this case works as motor during reverse operation. The efficiency in such case is high 
and almost the same in both the operations. With the use of reversible turbine pump sets, additional 
capital investment on pump and its motor can be saved and the scheme can be worked more 
economically. 
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5.6.10. Mini and Microhydel Plants 


In order to meet with the present energy crisis partly, a solution is to develop mini (5 m to 
20 m head) and micro (less than 5 m head) hydel potential in our country. The low head hydro- 
potential is scattered in this country and estimated potential from such sites could be as much as 
20,000 MW. 

By proper planning and implementation, it is possible to commission a small hydro-generat- 
ing set up of 5 MW within a period of one and half year against the period of a decade or two for large 
capacity power plants. Several such sets upto 1000 kW each have been already installed in Himachal 
Pradesh, U.P., Arunachal Pradesh, West Bengal and Bhutan. 

To reduce the cost of micro-hydel stations than that of the cost of conventional installation 
the following considerations are kept in view : 

1. The civil engineering work needs to be kept to a minimum and designed to fit in with 
already existing structures e.g., irrigation, channels, locks, small dams etc. 
2. The machines need to be manufactured in a small range of sizes of simplified design, 
allowing the use of unified tools and aimed at reducing the cost of manufacture. 
3, These installations must be automatically controlled to reduce attending personnel. 
4. The equipment must be simple and robust, with easy accessibility to essential parts for 
maintenance. 
Tho units must be light and adequately eubarsembled for ease of handling and transport 
and to keep down erection and dismantling costs. 

Micro-hydel plants (micro-stations) make use of standardised bulb sets with unit output rang- 

ing from 100 to 1000 kW working under heads between 1.5 to 10 metres. 


5.7. HYDRAULIC TURBINES 


© A hydraulic turbine converts the potential energy of water into mechanical energy which in 
turn is utilised to run an electric generator to get electric energy. 
5.7.1. Classification of Hydraulic Turbines 
The hydraulic turbines are classified as follows : 
G) According to the head and quantity of water available. 
Gi) According to the name of the originator. 
(ii) According to the action of water on the moving blades. 
(iv) According to the direction of flow of water in the runner. 
(v) According to the disposition of the turbine shaft. 
(vi) According to the specific speed N,- 
1. According to the head and quantity of water available : 
(Ù) Impulse turbine—requires high head and small quantity of flow. 
(ii) Reaction turbine—requires low head and high rate of flow. 
Actually there are two types of reaction turbines, one for medium head and medium flow and 
the other for low head and large flow. 


2, According to the name of the originator : 


( Pelton turbine—named after Lester Allen Pelton of California (USA). Itis an impulse type 
of turbine and is used for high head and low discharge. 
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B. Propeller and Kaplan turbines 

* The need to utilize low heads where large volumes of water are available makes it essen- 
tial to provide a large flow area and to run the machine at very low speeds. The propeller 
turbine is a reaction turbine used for heads between 4 m and 80 m, and has a specific 
speed ranging from 300 to 1000. It is purely axial-flow device providing the largest possi- 
ble flow area that will utilize a large volume of water and still obtain flow velocities which 
are not too large. 

© The propeller turbine (Fig. 5.9) consists of an axial- 
flow runner with four to six or at most ten blades of 
air-foil shape. The spiral casing and guide blades are 
similar to those in Francis turbines. In the propel- 
ler turbine as in Francis turbine the runner blades 
are fixed and non-adjustable. However in a Kaplan 
turbine (Fig. 5.10), which is modification of propel- 
ler turbine the runner blades areadjustable and can. 
be rotated about pivots fixed to the boss of the run- 
ner. The blades are adjusted automatically by servo- 
mechanism so that at all loads the flow enters them 
without shock. 

e Kaplan turbines have taken the place of Francis tur- Fig. 6.9. Propeller turbine. 
bines for cortain medium head installations. Kaplan 
turbines with sloping guide vanes to reduce the over- 
all dimensions are being used. 
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Fig. 5.10. Schematic diagram of a Kaplan turbine. 
Fig. 5.11 shows the comparison of efficiencies of propeller (fixed blades) and Kaplan turbines. 
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Fig. 5.11. Comparison of efficiencies of propeller (fixed blades) and Kaplan turbines. 


C. Tubular (or Bulb) turbines 

e Kaplan turbine when employed for very low head has to be installed below the tail race 
level, thus requiring a deep excavation. Further for Kaplan turbine installation there are 
a number of bends at inlet casing and the draft tube of elbow type through which the 
water flows describing 'Z' path giving rise to continuous losses at the bends. Whenever the 
turbine is repaired or dismantled, the generator has to be removed first. The cost of tur- 
bine and that of civil engineering works using conventional Kaplan turbine with deep 
excavation is very high. The efficiency of such plants working under low head is less due 
to excessive losses at the bends. Therefore, efforts have been made to reduce the overall 
cost and improve the efficiency of the power plant keeping these two things in view. 

* In 1937 Arno Fischer developed in Germany a modified axial flow turbine which is known 
as tubular turbine. The turbo-generator set using tubular turbine has an outer casing 
having the shape of a bulb. Such a set is now termed as bulb set and the turbine used for 
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the set is called a bulb turbine. The bulb a water tight assembly of turbine and 

generator with horizontal axis, submerged in a stream of water. The economical harness- 

ing of fairly low heads on major rivers is now possible with high-output bulb turbines. 
Fig. 5.12 shows a power station (87300 kW) under a head of 10 m, provided with six 14550 kW 


bulb sets running at 125 r.p.m. 


Fig. 5.12. Power station—using bulb turbines. 


Comparison of hydraulic turbines : 


I. Francis turbine versus Pelton wheel : 
The Francis turbine claims the following advantages over Pelton wheel : 
1. In Francis turbine the variation in the operating head can be more easily controlled. 
2. In Francis turbine the ratio of maximum and minimum operating heads can be even two. 
3. The operating head can be utilized even when the variation in the tail water level is 
relatively large when compared to the total head. 
4. The mechanical efficiency of Pelton decreases faster with wear than Francis. 
5. The size of the runner, generator and powerhouse required is small and economical if the 
Francis turbine is used instead of Pelton wheel for same power generation. 
Drawbacks of Francis turbine : 
As compared with Pelton wheel, the Francis turbine has the following drawbacks : 
1. Water which is not clean can cause very rapid wear in high head Francis turbine. 
2. The overhaul and inspection is much more difficult comparatively. 
3. Cavitation is an ever-present danger. 
4. The water hammer effect is more troublesome with Francis turbine. 
5. If Francis turbine is run below 50% head for a long period it will not only lose its efficiency 
but also the cavitation danger will become more serious. 
II. Kaplan verses Francis turbine : 
Kaplan turbine claims the following advantages over Francis turbine : 
1. Forthesame power developed Kaplan turbine is more compact in construction and smaller 
in size. 
2. Part-load efficiency is considerably high. 
3. Low frictional losses (because of small number of blades used). 
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5.7.3. Specific Speed of a Turbine 

The specific speed of a turbine is definedas the speed of a turbine which is identical in shape, 
geometrical dimensions, blade angles, gate opening etc., with the actual turbine but of such a size that 
it will develop unit horse power when working under unit head. 

Specific speed N, = ue 
(where P is in kW and H in metres) 
IN, (S.I. Units) = 0.86 N, (metric)] 

Specific speed plays an important role for selecting the type of the turbine. Also the perform- 
ance of a turbine can be predicted by knowing the specific speed of the turbine. 

To compare the characteristics of machines of different types, it is necessary to know a char- 
acteristic of an imaginary machine identical in shape. The imaginary turbine is called a specific 
turbine. The specific speed provides a means of comparing the speed of all types of hydraulic tur- 
bines on the basis of head and horse power capacity. 

Ifa runner of high specific speed is used for a given head horse power output, the overall cost 
of installation is lower. The selection of too high specific speed reaction runner would reduce the size 
of the runner to such an extent that the discharge velocity of water into the throat of draft tube 
would be excessive. This is objectionable because a vacuum may be created in the extreme case. 

The runner of too high specific speed with available head increases the cost of turbine on 
account of high mechanical strength required. The runner of too low specific speed with low avail- 
able head increases the cost of generator due to the low turbine speed. 

An increase in specific speed of turbine is accompanied by lower maximum efficiency and greater 
depth of excavation of the draft tube. In choosing a high specific speed turbine, an increase in cost of 
excavation of foundation and draft tube should be considered in addition to the efficiency. The weighted 
efficiency over the operating range of turbine is more important in the selection of a turbine instead 
of maximum efficiency. 

Table 5.1 gives the specific speeds for various turbines. 


Table 5.1. Specific speeds 


Specific speed (N,) 
Type of turbine MKS, Units S.I. Unite 
Slow 4-10 3.5—8.5 
Impulse (Pelton) Normal 10—25 8.5—215 
Fast 25—60 21.5—51.5 
Radial and mixed flow Slow 60—150 51.5—130 
(Francis and Deriaz) Normal 150—250 130—215 
Fast 250—400 215—345 
Slow 300—450 255—385 
Axial flow (Kaplan) Normal 450—700 385—600 
Fast 700—1000 600—860 


5.7.4. Efficiencies of a Turbine 


The important efficiencies of a turbine are as under : 
1. Hydraulic efficiency, n, 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 
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tive set of curves for different types of turbines is shown in Fig. 5.13 (b). It can be seen that the 
Deriaz and Kaplan turbines have the highest efficiency in the entire load range. This is due to the fact 
that the runner blades of these two types of turbines are adjustable during operation. Consequently 
the flow is efficient and well-guided by the runner blades at all flow conditions unlike the other 
turbines where the rotor-vane adjustability is not provided. The guide vanes of each of reaction 
turbines are adjusted for varying the discharge. 


Performance parameters —> 


60% 
dum MN in Sani 


— 

o 50% 100% 130% 
Load m= 
(b) Comparison of turbines 


Fig. 5.13. Performance of hydraulic turbines. 


Fig. 5.14 and Fig. 5.15 shows the main characteristic curves for a Pelton wheel and reactior 
turbine respectively. 
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1 Full gate opening (G.O.) 
3/4 G.O. 

g 

i 12G0. 
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z 
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Unit speed (N,) —> 


Unit power (P) —> 


Unit speed (N,) —> Unit speed (N,) —> 


Fig. 5.14. Main characteristic curves for a Pelton wheel. 


Unit discharge (Q) —> 
Unit discharge (Q) —> 


Unit speed (N) —> 
(a) For Kaplan turbine 
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H = Constant 
Full G.O. 


Unit power (P,) —> 
o — 


Unit speed (N) —> Unit speed (N) —> 
Fig. 5.15. Main characteristics of reaction turbines. 
Efficiency load curves 


‘The efficiency load curves of various types of reaction turbines are shown in Fig 5.16. The 
efficiency load curve of a Pelton turbine is shown in Fig. 5.17. The efficiency curve of a Pelton tur- 
bine remains slightly lower than that of a Francis turbine but is less affected by variation of load. 


100 Kaplan turbine 


100 
= Propeller 
£ turbine 
so} Francis t 
1 turbine rc 
ü 
o 50 300 o EJ 100 
Percentage of full load —> Percentage of full load —> 
Fig. 5.16. Efficiency-load curves Fig. 5.17. Efficiency-load curve of a 
of reaction turbines. Pelton turbine. 
5.7.7. Governing of Hydraulic Turbines 


Governing of a hydraulic turbine means speed regulation. Under normal conditions the tur- 
bine should run at a constant speed irrespective of changes in load. This is achieved by means of a 
governor called oil pressure governor. 

Governing of impulse turbine. The quantity of water rejected from the turbine nozzle and 
from striking the buckets may be regulated in one of the following ways : 

1, Spear regulation. 

2. Deflector regulation. 

3. Combined spear and deflector regulation. 

‘The spear and deflector in all cases are operated by the servomotor mechanism. 
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Thus the flow duration curve can be converted to a power duration with some other scale on 


the same graph. 
Flow duration curves are most useful in the following cases : 
@ For preliminary studies Gi) For comparison between streams. 


Uses of flow duration curve : 

1. A flow duration curve allows the evaluation of low level flows. 

2. It is highly useful in the planning and design of water resources projects. In particular, for 
hydropower studies, the flow duration curve serves to determine the potential for firm power gen- 
eration. In the case of a run-of-the-river plant, with no storage facilities, the firm power is usually 
computed on the basis of flow available 90 to 97 percent of the time. The firm power is also known as 
the primary power. Secondary power is the power generated at the plant utilising water other than 
that used for the generation of firm power. 

3. If a sediment rating curve is available for the given stream, the flow duration curve can be 
converted into cumulative sediment transport curve by multiplying each flow rate by its rate of 
sediment transport. The area under this curve represents the total amount of sediment transported. 

4. The flow duration curve also finds use in the design of drainage systems and in flood 
control studies. 

5. A flow duration curve plotted on a log-log paper provides a qualitative description of the 
run-off variability in the stream. If the curve is having steep slope throughout, it indicates a stream 
with highly variable discharge. This is typical of the conditions where the flow is mainly from surface 
run-off, A flat slope indicates small variability which is a characteristic of the streams receiving 
both surface run-off and ground water run-off. A flat portion at the lower end of the curve indicates 
substantial contribution from ground water run-off, while the flat portion at the upper end of the 
curve is characteristic of streams with large flood plain storage, such as lakes and swaps, or where 
the high flows are mainly derived from snowmelt. 

6. The shape of the flow duration curve may change with the length of record. This aspect of 
the flow duration curve can be utilised for extrapolation of short records. 

Shortcomings/Defects of flow duration curve 

1. It does not present the flows in natural source of occurrence. 

2. It is also not possible to tell from flow duration curve whether the lowest flows occurred in 
consecutive periods or were scattered throughout the considered period. 


5.22.6. Mass Curve 


A ‘mass curve’ is the graph of the cumulative values of water quantity (run-off) against time. 
A mass curve is an integral curve of the hydrograph which expresses the area under the hydrograph 
from one time to another. 

It is a convenient device to determine storage requirement that is needed to produce a certain 
dependable flow from fluctuating discharge of a river by a reservoir. 

‘Mass curve can also be used to solve the reserve problem of determining the maximum demand 
rate that can be maintained by a given storage volume. However, it is a trial and error procedure. 

The mass curve will always have a positive shape but of a greater or less degree depending 
upon the variations in the quantity of inflow water available. The negative inclination of mass curve 
would show that the amount of water flowing in the reservoir was less than the loss due to evapora- 
tion and seepage. 
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Cumulative discharge ——> 


Time —> 
Fig. 5.26. Mass curve. 


5.23. HYDRO-POWER DEVELOPMENT IN INDIA 


Hydro-power is a renewable source of energy which entails many intrinsic advantages. In 
India the scope of water power development is tremendous. The first hydropower station in India 
dates back to year 1897 when a small power station of 200 kW capacity was constructed at Darjeeling. 
Since then many big and small hydropower stations have been installed in the country. Total hydro 
potential in our country is estimated to be equivalent to about 75000 MW at 60 percent load factor of 
which only about 20 percent has been exploited so far. 


Important hydro plants in India 
State/Name of power plant Installed capacity (MW) 

Andhra Pradesh 

Machkand (stage I and II) 114 

Upper silern 120 

Lower silern 600 

Srisailam 170 

Nagarjun sagar pumped storage 100 
Assam 

Umiam 54 
Gujarat 

Ukai 300 
Himachal Pradesh 

Baira suil 200 
Jammu and Kashmir 


Salal 270 
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Karnataka 

Tungabhadra n 

Sharavati 890 

Kailindi 396 
Kerala 

Parambikulam-Aliyar 185 

Sabarigiri 300 

Idikki (Stage I) 390 
Maharashtra 

Koyna (stages I, II and III) 860 
Manipur 

Loktak 70 
Orissa 

Hirakud (stages I and II) 270 

Balimela 480 
Punjab 

Bhakra Nangal 1084 

Beas-Sutlej link 780 
Rajasthan 

Chambal 287 
Uttar Pradesh 

Rihand 300 

Yamuna (stages I and II) 424 
Tamil Nadu 

Kundah (stages I, II and III) 425 

Kodiar 100 


Although the present utilization of hydropower in over country is relatively small with the 
present tempo of development and need for power resources it would not be long before the available 
potential is fully harnessed. Hydro-field provides immense scope for sophisticated study requiring 
application of modern mathematical and operational research techniques with the help of computers. 

Example 5.1. The following data relate to a proposed hydro-electric station : 

Available head = 28 m ; Catchment area = 420 sq. km ; rainfall = 140 cmlyear ; percentage of 
total rainfall utilized = 68% ; Penstock efficiency = 94% ; turbine efficiency = 80% ; generator efficiency 
= 84% and load factor = 44%. 

@ Calculate the power developed. 
(ii) Suggest suitable machines and specify the same. 
Solution, Head available, H =28 m 


Catchment area, A = 420 sq. km (= 420 x 108 m?) 
Rainfall = 140 em/year (= 1.4 m) 
Rainfall utilized, h = 68% of the total rainfall 

= (0.68 x 1.4) m per year 
Penstock efficiency, n, = 94% 


Turbine efficiency, n, = 80% 
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Generator efficiency, n, = 84% 
Load factor = 44%. 
(i) Power developed, P : 


Quantity of water available per year 
=A x h = (420 x 10%) x (0.68 x 1.4) 
= 399.84 x 105 m? 

Hence the quantity of water available per second, 


399.84 x 10° 


.39984x10 — " 
(865 24)x 3600 ^ 126 ™ 


Q- 


B P=ngxwQH (where, no Overall efficiency =n, xn, xn 
or Pan, xn, xn, xwQH 
= 0.94 x 0.8 x 0.84 x 9.81 x 12.6 x 28 = 2186 kW 

Hence average output of generating units = 2186 kW. (Ans.) 

(ii) Machines to be used : 

Total ratings of generators = 242. = 4968 kW 

Providing two machines p rating, 

Capacity of each unit = ->= = E = 2957 each. 

As the available head is low, Kaplan turbines (propeller type) are suggested, each having a 
generating capacity of 2957 kW. (Ans.) 

Example 5.2. The following data is available for a hydro-power plant : 

Available head = 140 m ; catchment area = 2000 sq. km ; annual average rainfall = 145 cm ; 
turbine efficiency = 85% ; generator efficiency = 90% ; percolation and evaporation losses = 16%. 

Determine the following : 

(i) Power developed. 

(ii) Suggest type of turbine to be used if runner speed is to be kept below 240 r.p.m. 

Solution. Head available, — H= 140m 


Catchment area, A = 200 sq. km (= 200 x 108 m?) 
Annual average rainfall, h = 145 cm (= 1.45 m) 

Turbine efficiency, 1, = 85% 

Generator efficiency, n, = 90% 


Percolation and evaporation losses, z = 16% = 0.16 
(i) Power developed, P : 
Quantity of water available for power generation per year 
=Axhx(1-z) 
= 200 x 105 x 1.45 x (1 - 0.16) = 2.436 x 10° m?/year 
Hence, quantity of water available per second, 
2.436 x 10° 


Q=—2486x10 __7.72 m3s 
(865 x 24) x 3600 


P=n9x wQH 
=n, x1, x wQH 
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0.85 x 0.9 x 9.81 x 7.72 x 140 
= 8111 kW or 8.111 MW. (Ans.) 


i) Type of turbine to be used : 
Specific speed, N= ME = er = 44.28 rpm. 


Single Pelton turbine with 4 jets can be used. Further, since head available is large and dis- 
charge is low, Pelton turbine will work satisfactorily. 

Example 5.3. (a) Name the common types of prime movers that are employed in a hydroelec- 
tric power plant and discuss the factors that govern their choice. 

(b) A hydroelectric station is to be designed to operate at a mean head of 205 m and supplied 
from a reservoir lake having a catchment area of 1000 km? with average annual rain fall of 125 cm of 
which 80% is available for power generation. The expected load factor at the plant is 75%. Allowing a 
head loss of 5 m and assuming efficiency of the turbine and generator to be respectively 90% and 95%, 
calculate suitable MW rating of the station. Comment also on the type of turbine to be installed. 

(AMI Summer 2001) 

Solution. (a) The following three different types of hydraulic turbines are used as prime 
movers in hydroelectric power plants : 

(ù) Kaplan. For heads lower than 30 m and for variable load operation. Fixed vane propel- 
lers are used for heads less than 70 m and for fairly constant load operations. 

(ii) Francis turbine. Used for heads from 70 m to 500 m. It is a reaction type of turbine and 
mostly used inward flow. The efficiency of Francis turbine at full load is high. It is designed for 
higher speed. 

(iii) Pelton wheel. Used for heads more than 500 m. Pelton wheel is invariably mounted with 
a horizontal shaft and has low number of revolutions per minute. The limiting power output for a 
pelton wheel is of the order of 65,000 H.P. 

(b) Given : Gross head = 205 m ; Catchment area = 1000 km? ; Average annual rainfall = 
125 cm = 0.125 m ; Load factor = 75% or 0.75 ; Loss of head = 5 m ; ry = 90% ; Nig = 95%. 

Water available during the year = (1000 x 109) x 1.25 x 0.8 = 10° m? 

Quantity of water available per sec. 
ONE s 
8760 x 3600 

Available head, H-205-5-200m 
Now, Average power produced, P = wQH x n; x ng kW 

= 9.81 x 31.7 x 200 x 0.9 x 0.95 = 53177 kN 

= 53.2MW (where, w = 9.81 kN/m?) 
With a load factor of 75%, overall capacity of the station for which it should be designed 


532 

= gy5 7 709MW. (Ans) 
The type of turbine for a head of 200 m recommended is Francis turbine. (Ans.) 
Example 5.4. (a) Discuss the function of ‘surge tank’ in a hydroelectric power plant. 
(b) What are pumped storage plants and where are they used ? 


(c) What are the differences between a 'run-off-river plant’ and a ‘run-off-river plant with 
pondage’? 


=31.7 m*/s 
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(d) The daily load curve data for a certain area is as follows : 


12MN-5AM  : 100MW 
5 AM-8 AM :  120MW 
8AM-12 Noon : 250MW 
12Noon-1PM :  100MW 
1PM-5 PM : 250MW 
5 PM-9 PM : 350MW 
9PM-12MN : 150MW 


It is proposed to install a run-off-river plant with pondage and a steam plant for supplying the 
above load. The run-off data indicates that a flow of 50 m? | sec is available. The head is 90 m. Hydro- 
plant efficiency is 90% and transmission losses 5%. Determine the capacity of the hydro-plant and the 
steam plant. The steam plant is located near the load centre. (Banglore University) 

Solution. (a) Surge tank in a hydroelectric power plant is an open tank which is often used 
with the pressure conduit of considerable length. The main purpose of providing surge tank is to 
reduce the distance between the free water surface and turbine, thereby reducing the water hammer 
effect on penstock and also protect upstream tunnel from high pressure rises. It also serves as a supply 
tank to the turbine when the water to the pipe is accelerating during increased load conditions and as 
a storage tank when the water is decelerating during reduced load conditions. 

(6) The pump storage power plant essentially consists of a head water pond and a tail 
water pond. During the off-peak periods of an interconnected power plant system consisting of steam 
and pump storage, the water from the tail water pond is pumped with the help of a pump using extra 
energy available from thermal power plant during off-peak hours. With surplus available energy 
during off-peak period, energy is stored in the form of hydraulic potential energy by lifting the water 
from lower level to upper level. The same stored hydraulic energy is used during peak load period by 
supplying the water from the upper basin to the water turbine through the penstocks. 

‘These plants are used wherever base load stations are thermal stations and water is also 
available for hydro-generation. 

(c) Run of river plant without pondage does not store the water and uses the water as it 
comes. This plant has no control over the river flow. Therefore water is wasted during low load and 
high flood conditions. During dry seasons, the capacity of the plant goes down due to the low flow 
rates of the water. The utility of these plants is very less compared with other plants due to non- 
uniformity of supply and lack of assurance for continuous constant supply. 

Run of river plant with pondage is provided with a pond in which water is stored during 
off-peak periods and the stored water is utilized during peak hours of the same day. Pondage in- 
creases the stream capacity for a short period. This type of plant can be used as base load or peak load 
plant. 

(d) Given : Q = 50 ms ; H = 90 m ; Hydro-plant efficiency = 91% ; Transmission losses = 5%. 

Capacity of the hydro-plant and steam plant : 

Total electrical energy required in 24 hours 

=5 x 100+3 x 120+ 4 x 250+ 1 x 100 + 4 x 250+ 4 x 350 + 3 x 150 
= 500 + 360 + 1000 + 100 + 1000 + 1400 + 450 = 4810 MWh. 

The average output of hydro-plant, 

P = wQH x n x 10° MW = 9.81 x 50 x 90 x 0.91 x 10 = 40 MW. (Ans) 

Since the transmission losses are given as 5%, therefore, total generation required 

= 4810 x 1.05 = 5050 MWh. 
Hydro-plant generation capacity = 40 x 24 = 960 MWh. 
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‘The steam plant generating capacity required 
= 5050 — 960 = 4090 MWh 
Assuming power required is for 24 hours, 


Steam plant-rating = E -170MW. (Ans) 


Example 5.5. What is a pumped storage plant ? Explain the advantage of a pumped storage 
plant for short peak load operation. Compare its economics with an old steam plant. 

Solution. Pump storage plant works as a peak load station. In this station water is pumped 
into a high level reservoir at off-peak periods and is utilized to drive turbines and generate power 
when the peak of the system occurs. 

The plant consists of a synchronous motor or an induction motor coupled on one side to a 
multistage centrifugal pump and on the other side to a turbine. During off-peak periods the water 
drives the pump and replenishes the reservoir. When the system peak occurs the motor runs as an 
alternator or an induction generator driven by turbine. The plant can change over from one function 
to another i.e. pumping to generating and vice versa very rapidly and the whole sequence of opera- 
tion is automatically controlled. An induction generator always supplies the load at leading p.f. 
hence compensating the system p.f. The basic advantage of pumped storage may be justified be- 
cause it permits available energy to be stored for later use when it is more valuable. 

When an old steam plant is used for peak load operations as an alternative to a pumped 
storage plant, it is a costly proposition and more over it requires large starting time and shut down 
time. Hence old steam plants are not at all convenient for peak load demand. Further these systems 
can not be used in reversible mode as is possible with pumped storage plants. 


HYDROLOGY 
Example 5.6. At a particular site the mean monthly discharge is as follows : 


Draw the following : 

() Hydrograph 

(ii) Flow duration curve. 

Solution. (i) The hydrograph is plotted between discharge (m/sec) and time (months) as 
shown in Fig. 5.27. 

(ii) Flow duration curve : 

In order to draw flow duration curve it is essential to find the length of time during which 
certain flows are available, e.g., 100 m/s is available for all 12 months, flow of 200 m*/s for 11 
months, 225 m/s for 10 months and so on. This information is indicated in the table below : 


Discharge, m'Is Length of time, months råge time 

100 (and more) 12 100 

200 (and more) n 917 
- 225 (and more) 10 _ 83.3 


152 POWER SYSTEM ENGINEERING 


300 (and more) E] mm 750 
400 (and more) 8 667 
600 (and more) 1 583 
750 (and more) 5 ALT 
800 (and more) 4 333 
900 (and more) 3 250 
1000 (and more) 2 167 
1200 (and more) 1 83 
1200F 


Discharge (m'/s.) —> 
8 8 8 8 8 3 8 8 


8 


Fig. 5.27. Hydrograph. 


The flow duration curve is then plotted as shown in Fig. 5.28. 


Note. When selecting a suitable site for a hydropower plant the flow data for a number of years is 
collected and hydrographs and flow duration curves and the various periods are determined. 
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Discharge, m'/s ——> 
888583258 


H 


10 20 30 40 50 60 70 80 90 100 


Time (X) —> 
Fig. 5.28. Flow duration curve. 
Example 5.7. The runoff data of a river at a particular site is tabulated below : 
‘Month Mean discharge per Month Mean discharge per month 
month (millions of eum) (millions of cum) 
January 40 July 75 
February 25 August. 100 
March 20 September 110 
April 10 October 60 
May 0 November 50 
June. 50 December. 40 


G) Draw a kydrograph and find the mean flow, 
Gi) Also draw the flow duration curve, 
(iii) Find the power in MW available at mean flow if the head available is 80 m and overall 
efficiency of generation is 85%. 
Take each month of 30 days. 
Solution. (i) Hydrograph : 
‘The hydrograph for the given data is drawn as shown in Fig. 5.29. 
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Discharge (millions of cum) / month —> 


8 8 5 E S 3 8 8 


[-] 


Fig. 5.29. Hydrograph. 


The mean discharge for the given data 
40 +25 + 20 + 10 + 0 +50 + 75 + 100 + 110 + 60 + 50 + 40 
F 12 


= S85. 48:33 millions of m'/month. 


(ii) Flow duration curve : 
To obtain the flow duration curve it is necessary to find the lengths of time during which 
certain flows are available. This information is tabulated, using the hydrograph, in the table below : 


Discharge per month Total number of months during Percentage time 
(millions of m*) which flow is available 

LJ 2 100 

10 n 91.7 

20 10 83.3 
25 9 175 

40 8 66.7 
50 6 50 

60 4 333 

76 3 25.0 

100 2 16.7 

110 1 8.3 
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The flow duration curve can be drawn using the data tabulated, as shown in Fig. 5.30. 


Ter 
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E: 60 
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it 
2L 
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o 10 20 30 40 s 60 70 8 9 100 
Time (%) —> 


Fig. 5.30. Flow duration curve. 
(iii) Average MW energy available: 
= To wH x E MW (where w = 9.81 kN/m?) 
4833 x 10* ] 
30x 24 x 3600 
981x4833x10 x80. 1 


= 0.85 x “ox 24x 3600) "1000 MW 


2124MW. (Ans) 


[ne Q (discharge in m/s) = 


HIGHLIGHTS 


1. Adam is a barrier to confine or raise water for storage or diversion to create a hydraulic head. 

2. A canal is an open waterway excavated in natural ground. A flume is an open channel excavated on the 
surface or supported above ground on a trestle. A tunnel is a closed channel excavated through a natu- 
ral obstruction such as a ridge of higher land between the dam and the powerhouse. 

3. A surge tank is a small reservoir or tank in which the water level rises or falls to reduce the pressure 
swings so that they are not transmitted in full to a closed circuit. 

4. A draft tube serves the following two purposes : 

@ It allows the turbine to be set above tail-water level, without loss of head, to facilitate inspection and 
maintenance. 
(ii) It regains, by diffuser action, the major portion of the kinetic energy delivered to it from the runner. 
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‘The plants which cater to the base load of the system are called ‘base load plants’ whereas the plants 
which can supply the power during peak loads are known as peak load plants. 

Microhydel plants (microstations) make use of standardized bulb sets with unit output ranging from 
100 to 1000 kW working under heads between 1.5 to 10 metres. 

The specific speed of a turbine is defined as the speed of a geometrically similar turbine that would 
develop one brake horse power under a head of one metre, 

‘The Pelton turbine is a tangential flow impulse turbine. The pressure over the Pelton wheel is constant 
‘and equal to atmosphere, so that energy transfer occurs due to purely impulse action. 

The modern Francis water turbine is an inward mixed flow reaction turbine. It operates under medium 
heads and also requires medium quantity of water. 

In the propeller turbine the runner blades are fixed and non-adjustable. In Kaplan turbine, which is a 
modification of propeller turbine the runner blades are adjustable and can be rotated about the pivots 
fixed to the boss of the runner. 

‘Cavitation’ may be defined as the phenomenon which manifests itself in the pitting of the metallic 
surfaces of turbine parts because of formation of cavities. 

‘Hydrology’ may be defined as the science which deals with the depletion and replenishment of water 
resources. 

Run-off includes all the water flowing in the stream channel at any given section. It can be measured by 
the following methods : 

i) From rainfall records (ii) Empirical formulae 
(iii) Run-off curves and tables (iv) Discharge observation method. 

Hydrograph is defined as a graph showing discharge (run-off of flowing water with respect to time for 
a specified time. It indicates the power available from the stream at different times of day, week or year. 
Flow duration curve represents the run-off data for the given time. It is plotted between flow available 
during a period versus the fraction of time. 

Mass curve is the graph of the cumulative values of water quantity (run-off) against time. It is an 
integral curve of the hydrograph which expresses the area under the hydrograph from one time to 


another. 
‘THEORETICAL QUESTIONS 


Give the application of hydro-electric plants. 
Enumerate advantages and disadvantages of hydro-plants. 
Enumerate and explain briefly the factors which should be considered while selecting the site for hydro- 
electric plant. 
Enumerate essential elements of hydro-electric power plant. 
What is a catchment area ? 
What is a reservoir ? 
What is a dam ? What are its various types ? 
Explain briefly any two of the following dams : 
i) Rockfill dams (ii) Buttress dams 
ii) Timber dams. 
What is a spillway ? Explain any two types of spillways. 
What is the difference between canal, flume and tunnel ? 


What is a surge tank ? 

Explain with a neat diagram any one of the following surge tanks : 

(i) Inclined surge tank (ii) Restricted orifice surge tank 
Gi) Differential surge tank. 


What are the functions of a draft tube ? 
How are hydro-electric power plants classified ? 

Explain an high head power plant giving its layout clearly. 
Explain with a neat sketch a pumped storage plant. 
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What is the function of a hydraulic turbine ? How are the turbines classified ? 

Explain the working of a ‘Pelton turbine’ with the help of a neat diagram. 

With the help of a schematic diagram explain the working of the modern Francis turbine. 
What is a Kaplan turbine ? How does it differ from a propeller turbine ? 

What are tubular or bulb turbines ? 

What do you mean by ‘specific speed’ of a turbine ? 

What is cavitation ? How can it be avoided/checked ? 

Describe briefly the methods of governing an impulse turbine ? 

What points should be considered while selecting a right type of turbine ? 

Enumerate the various controls which are provided in an hydro-electric power plant. 
Explain the advantages of combined operation of hydro-electric station and thermal station. 
Compare hydro and thermal power plants. 

List the advantages and disadvantages of underground power house/station. 

What safety measures need to be taken for the safe operation of an hydro-electric plant ? 
What do you mean by ‘preventive maintenance’ of hydro-plant ? 

Define hydrology. 

Draw and explain the hydrologic cycle. 

Define run-off. How is it measured ? 

List the factors which affect run-off. 

What is a hydrograph ? 

What is a unit hydrograph ? What are the limitations to the use of unit hydrographs ? 
What is a flow duration curve ? 

What is a mass curve? 

Write a short note on hydropower development in India. 


UNSOLVED EXAMPLES 


‘The following data is available for a hydro-power plant : 

Available head = 130 m ; catchment area = 2200 sq. km. ; annual average rainfall = 150 cm ; turbine 
efficiency = 86% ; generator efficiency = 91% , percolation and evaporation losses = 18%. 

Determine power developed in MW taking load factor as unit (Ans. 8.546 MW] 
Froni the investigation of a hydrosite the following data is available : 

Available head = 50 m ; catchment area = 50 sq. km. ; rainfall = 150 em per year ; 70% of rainfall can be 


utilized ; turbine efficiency = 80% ; generator efficiency = 91% ; penstock efficiency = 75% ; load factor 
= 60%. 


Determine the suitable capacity of a turbo-generator. 
(Ans. 750 kW (maximum rating), Francis or Kaplan turbine] 
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Nuclear Power Plant 


6.1. General aspects of nuclear engineering—Atomic structure—Atomic mass unit—Isotopes— 
Radioactivity—Nuclear radiation—Binding energy—Radioactive decay-—Nuclear reactions—Nuclear 
cross-sections—Fertile materials—Fission of nuclear fuel—Nuclear fusion—Comparison of fission 
and fusion processes. 6.2. Nuclear power systems. 6.3. Nuclear reactors—Introduction— Classification. 
of nuclear reactors—Essential components of a nuclear reactor—Power of a nuclear reactor— 
6.4, Main components of a nuclear power plant. 6.5. Description of reactors—Pressurised water 
reactor (PWR)—Boiling water reactor (BWR)—CANDU (Canadian-Deuterium-Uranium) reactor— 
Gas cooled reactor—Liquid metal cooled reactors—Breeder reactor. 6.6. Selection of materials for 
reactor components. 6.7. Advantages and disadvantages of nuclear power plants. 6.8. Nuclear-plant 
site selection. 6.9. Nuclear power plants in India. Highlights—Theoretical Questions. 


6.1. GENERAL ASPECTS OF NUCLEAR ENGINEERING 


6.1.1. Atomic Structure 


e An element is defined as a substance which cannot be decomposed into other substances. 
The smallest particle of an element which takes part in chemical reaction is known as an 
‘atom’. The word atom is derived from Greek word ‘Atom’ which means indivisible and for 
a long time the atom was considered as such. Dalton's atomic theory states that (i) all the 
atoms of one element are precisely alike, have the same mass but differs from the atoms 
of other elements (ii) the chemical combination consists of the union of a small fixed number 
of atoms of one element with a small fixed number of other elements. 

e Various atomic models proposed by scientists over the last few decades are : 1. Thompson's 
plum puddling model, 2. Rutherford's nuclear model, 3. Bohr's model, 4. Sommerfeld's 
model, 5. Vector model, 6. Wave-mechanical model. 

© The complex structure of atom can be classified into electrons and nucleus. The nucleus 
consists of protons and neutrons both being referred as nucleons. Protons are positively 
charged and neutrons are neutral, thus making complete nucleus as positively charged. 

© Theelectrons carry negative charge and circulate about the nucleus. As the positive charge 
on proton particle is equal to the negative charge on electron particle, and the number of 
electrons is equal to the number of protons, atom is a neutral element. Any addition of the 
number of electrons to the neutral atom will make it negatively charged. Similarly any 
subtraction of the electrons will make it positively charged. Such an atom is known asion 
and the process of charging the atom is termed an ionisation. 

© The nuclear power engineering is specially connected with variation of nucleons in nucleus. 
Protons and neutrons are the particles having the mass of about 1837 times and 1839 
times the mass of an electron. 
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The modern atomic theory tells that the atom has a diameter of about 1077 mm. In a 


neutral atom the electrons are bound to the nucleus by the electrostatic forces, which 
follows the Coloumb's law of forces, i.e., like charges repel and unlike charges attract each 
other. The function of electrostatic force is similar to the gravitational force. 

The atomic spectrum study has revealed that every electron in an atom js in one group of 
specific states of motion which is corresponding to its total energy. In an atom the elec- 
trons are spinning around the nucleus in orbits. These orbits are called shells, which 
represent the energy levels for the electrons. All the electrons having very nearly the same 
total energy are said to be in the same shell. The shells have been named as K, L, M, N etc. 
Each shell consists of the specific maximum number of electrons. The K shell (inner shell) 
contains 2 electrons, L shell has 8 electrons, M shell is limited to 18 and the N shell 
possesses $2 electrons. In fact, the number of electrons in any orbit is equal to 2n? where 
nis the serial number of the orbit taking first orbit nearest to the nucleus, with the excep- 
tion that the outermost orbit cannot have more than eight electrons . In a given atom all 
orbits may not be complete. It is obvious from the study that amplitude difference in 
energy between two shells is much more than the difference in between energy levels in one 
shell. In ashell less than the specified number of electrons may exist but not a large number. 
The inner shell is filled up first and then the other successive shells are completed. 

The chemical properties of the atom varies with composition of number of electrons in 
various shells and the state of energies within the shells determine the electrical character- 
istics of the atom. For example, Hydrogen (H,) consists of one electron in the first shell, 
Helium (He) has two electrons in the first shell, Lithium (Li) has two electrons in first 
shell and one is second shell, Carbon (C) consists of two electrons in first and four in 
second shell. 


Nucleus 
Electron 
Shell 
TO; [38 € hk 


Fig. 6.1 (a). Atomic structure of H,, He, Li and C. 


The electrons lying in the outermost shell are termed valence electrons. If the outermost 
shell is completely filled, the atom is stable and will not take any electron to fill up the 
gap. However, the incomplete outer shell will try to snatch the required number of elec- 
trons from the adjacent atom in a matter, The binding force between the electron and 
nucleus is the electrostatic force of attraction. To emit one electron energy required is more 
than the electrostatic force of attraction. When the energy is supplied, the electron jumps 
from one discrete energy level to another permissible level. The process starts from outer 
shell. The electron possesses the energy in two forms, i.e., kinetic energy due to its motion 
and potential energy due to its position with respect to the nucleus. It is obvious that 
electrons cannot exist in between the permissible orbits. 

The charge of nucleus is represented by the number of protons present. This number is 
known asatomic number and designated by the letter Z. It also shows the position of atom 
in the periodic table. Hydrogen has only one number but natural uranium has ninety two. 
The atoms having higher atomic number have been developed artificially ranging from 
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93 to 102. These are einsteinium (Z = 99), Ferinium (Z = 100), and mendelevium (Z = 101). 
Platonium (Z = 94) is an important element to the nuclear power field. 
‘The mass number (A) is the sum of total number of protons and neutrons in a nucleus. The 
number of electrons is represented by the letter N, i.e., N = (A - Z). 
6.12. Atomic Mass Unit 
The mass of the atom is expressed in terms of the mass of the electron. The unit of mass has. 


been considered as -È th of the mass of neutral oxygen atom which contains 8 protons and 8 neu- 


trons. The atomic mass unit (a.m.u.) is equal to x th the mass of oxygen neutral atom. 
One a.m.u. = 1.66 x 10* g 


1837 x 91x 10” 
n = iii aL „u, 
Mass of proton = 1837 me xr 1.00758 a.m.u. 


1839 x 9.1x 10775 

Mass of neutron = 1839 me = — ogy c = 1.00893 a.m.u. 

It has been concluded that the density of matter in a nucleus is enormous. It has been inves- 
tigated that the radius of nucleus is equal to 1.57 x 10 x 8/A , where A is the number of nucleons 
in nucleus. 

‘The density of uranium by calculations comes to 1.65 x 10™ g/cm*. It has been found by 
calculations that natural substance has density millions of times lower than that of nuclear matter. 

Electron volt. The energy is expressed in electron volt unit. An electron volt is equal towork 
done in moving an electron by a potential difference of one volt. Or it is the amount of energy acquired 
by any particle with one electronic charge, when it falls through a potential of one volt. 

One electron volt = 1.602 x 10-19 joule. 


6.1.3. Isotopes 


In any atom, the number of electrons is equal to number of protons. This is independent of 
neutrons in the nucleus. Atoms having different number of neutrons than the number of protons are 
known as si 


Example. Isotopes of hydrogen are shown below (Fig. 6.1 (b)). 


Ses 


Hydrogen Hz- Heavy hydrogen H; — Heavy hydrogen 
p men ‘or Deuterium - D or Tritium - T 


Fig. 6.1(6). 


These isotopes have the same chemical properties and have the same atomic number and 
occupy the same place in the periodic table. But the nuclear properties of each of the isotopes are 
different because of the different number of neutrons in the nucleus. 

The isotopes of oxygen vary from O,, to O;,. The change of number of neutrons in nucleus 
affect the mass of atom. 

Example. Weight of heavy hydrogen is twice the weight of simple hydrogen. This means a 
volume of H,O weighs less than the same volume of D,O. 
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Reaction neutrons. These are the neutrons ejected from a nucleus by interaction with one 
of several particles. There are known cases of neutron emission resulting from a nucleus interacting 
with a neutron, proton, or alpha particle. Important use is made of this process in producing neutron 
sources for reactor start-up. 

3. Protons : 

Protons are produced in a few radioactive-decay processes and more frequently by neutron- 
proton reactions in which an incident neutron causes a proton to be emitted from the nucleus. 

4. Alpha particles : 

Alpha particles are produced by the decay of several fission products and a few activated 
materials as well as by a few neutron-alpha reactions in which an incident neutron interacts with 
and causes an alpha particle to be emitted from the nucleus. 

5. Beta particles : 

Beta particles (electrons and positrons) are produced by several mechanisms, such as radio- 
active decay and pair production (in which a photon of high energy is converted into an electron- 
positron pair). 

Effects of nuclear radiation on matter : 

Nuclear radiation, when it interacts with any material, deposits energy in the material and 
can have various effects. In chemical components the chemical form will be changed, in solids the 
crystalline structure may be altered, in any case heat will be generated. For charged particles and 
gamma rays the mechanisms of energy transfer is ionisation of the material traversed by the radi 
tion. Ionization is the production of electrically charged particles by stripping orbital electrons from 
the electrically neutral atoms. In the case of neutrons, the primary energy-transfer process is a 
kinetic-energy exchange caused by collision of neutrons with nuclei of the matter traversed. 


6.1.6. Binding Energy 


‘The nucleus of an atom is formed when the nucleons come closer to each other and this 
distance between the two nucleons is of the order of nearly 10-1? mm. At the moment of combination 
there is a release of energy and is known as ‘binding energy’. Further if it is required to separate out 
or to disintegrate two nucleons the equivalent amount of binding energy is to be supplied from the 
external source to overcome the force of attraction. The binding energy can also be defined as the 
energy required to overcome the binding forces of nucleus. 

When two nuclear particles are combined to form a nucleus, it is observed that, there is a 
difference in the mass of the resultant nucleus and the sum of the masses of two parent nuclear 
particles. This decrement of mass is known as ‘mass defect’. The amount of mass defect is directly 
proportional to the amount of energy released. 

‘The nuclear binding energy per nucleon increases with the increase of the number of nucle- 
ons in the nucleus. Example : The binding energy per nucleon for H? is 1.109 MeV and for He‘ it is 
28.2 + 4 = 7.05 MeV. A curve representing the variation of nuclear binding energy per nucleon with 
the mass number is shown in Fig. 6.2. Here the average value of binding energy per nucleon has 
been considered. The curve indicates that the average binding energy per nucleon increases as the 
mass number increases initially with the peak value of about 8.8 MeV at nearly 60 mass number. 
‘The elements falling in this region are nickel and iron. As the mass number increases still further, 
the binding energy curve falls gradually to 7.6 MeV for U28, For U from the Fig. 6.2 the binding 
energy per nucleon is 7.7 MeV. At the point where mass number is 117, binding energy per nucleon 
is nearly 8.6 MeV. 

U5 nucleus is splitted into two approximately equal nuclei. The formation of two nuclei will 
release the energy of about 0.9 MeV per nucleon. There is a release of energy as the mass number 
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decreases within the range of 60 to 250 mass number. This release of energy is corresponding to the 
increase of mass defect. In fission process, the U?55 nuclei is splitted to two other nuclei and energy 
is liberated. 


Binding energy per nucleon (MeV) —» 


0 2 50 75 100 125 150 175 200 225 250 
Mass number ——> 


Fig. 6.2. Variation of average binding energy per nucleon with mass number. 


It is evident from the above discussion that the nuclear transformations of other nucleus is 
also possible such as U5, U23 and Pu? (these are the important fuels used in the production of 
nuclear power). 

An atom with even number of protons of mass number is more stable because of the pairing of 
protons and neutrons. This type of atom also possesses higher binding energy per nucleon and is 
represented as even type of atom. In nuclear physics, the first even or odd represents the even or odd 
number of protons respectively and second one represents the even or odd mass number. This is 
obvious from the practical data that the U* is fissionable with slow neutrons (neutrons having less 
energy) but U? is fissionable only when the neutrons are having energy more than 1 MeV. 

6.1.7. Radioactive Decay 

It has been observed that the emission of the particles in the form of alpha, beta or gamma 
radiations is not an instantaneous process. For various elements the decay time is different, which 
follows a certain law. Obviously the process is independent of the physical and chemical properties 
of the given isotope at a particular temperature and pressure. 

The law states that the small amount of disintegration of the isotope in a small period is 
directly proportional to the total number of radioactive nuclei and proportionality constant. 

If, N = Number of radioactive nuclei present at any time t, 

N, = Initial number of such nuclei, 


À = Proportionality constant (also known as disintegration constant or the 
radioactive decay constant of the material), 
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‘Then the above law can be stated in the form of equation as follows : 
AN 2-ÀNAC 6.1) 


or, LION (6.2) 


dt 
Thenegative sign represents that during disintegration the number of the nuclei isdecreasing. 
Integrating the above equation (6.2) after proper arrangement within the proper limits, we 


get 


463) 
N 
log, Hye =~ 


NeNe* — (64) 


-«6.5) 
The eqn. (6.5) represents that the decay scheme follows the exponential law. 
Activity : 
The intensity of emitted radiation is termed activity. 
This is directly dependent on the rate of disintegration of the element. 
If, A = Activity at time t, 

A, = Initial activity, 

k = Detection coefficient, 

Then, Ask C x BAN SAN € =A, e (6.6) 


Half-life: 


Half-life represents the rate of decay of the radioactive isotopes. The half-li 
quired for half of the parent nuclei to decay or to disintegrate. 


Putting N = T and t = £y, in eqn. (6.5), we get 


the time re- 


0.693 


My, = log, 2 = 0.693 type (6.7) 


x 

Here t, is the half-life of radioactive nuclei. After passing every half-life the number of 
nuclei is reduced to half and so is the activity. This process is repeated for the several half lives till 
the activity becomes negligible. The variation of half-life is from fraction of seconds to million of 
years. 


Half-life of some of the metals is given below : 


Metal Half-life 
Po-214 170 p see 
1-137 25 sec 
Carbon-14 5100 years 
Th-232 14 x 10" years 


Uranium-238 4.525 x 10° years 
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Average (mean) life : 

This indicates the average of total time for which the radioactive nuclei has disintegrated for 
several half lives. Hence this is greater than half-life. This is obtained by taking the sum of the decay 
time of the radioactive nuclei and then it is divided by the initial number of nuclei. 

If Tis the time of average life, then 


- [ean AN [ te? t 
TONO - No 


Now integrating by parts, we get 


E 
fee P 
7| te | x (6.9) 


0.693 

But, hat 

From the above eqns. it is clear that mean life is 1.445 times greater than half-life. 

Note. Number of disintegrations per second is the unit of radioactivity and is termed curie, as this 
phenomenon was first discovered by Curie. 

6.1.8. Nuclear Reactions 

During a nuclear reaction, the change in the mass of the particle represents the release or an 
absorption of energy. If the total mass of the particle after the reaction is reduced, the process re- 


leases the energy, consequently, the increase in the mass of the resultant particle, will cause the 
absorption of energy. 


The equations of nuclear reactions are connected with the resettlement of protons and neu- 
trons within the atom. The equations are much similar to chemical reactions. The energy variation 
is also of the order of MeV. In simple term the equation shows the balance of neutron and proton, 

A nuclear reaction is written as follows : 

@ The bombarded nuclei or the target nuclei is written first from left hand side. 
(ii) In the middle within brackets, first is the incident particle and second one the ejected. 
(iii) On the right hand side, the resultant nucleus is placed. 

A neutron is written as : gn! because it has unit mass and it does not have any charge. 

An electron is written as : ,e? because its mass is negligible as compared to proton or neutron 
and its charge is equal but opposite to the charge of proton. 

Some of the examples of reactions are given below : 

(i) When ,,Na* is bombarded with protons possessing high energy, it is converted to ,,Mg?* 

gi Na? + HI Mg + ont eg (6.10) 
(where q = release or absorption of energy in the reaction) 
(ii) When ,,AI? is bombarded with high energy protons it is transformed to ,,Si”. 


wA + HI SI + nt +g (6.11) 
(iii) When ,,AI?' is bombarded with deutrons, AI?? and proton may be produced. 
nA + H? — ,, APP 4 HT (6.12) 
The eqns. (6.10), (6.11) and (6.12) may be written in the equation form as given below : 
Nap, n)Mg?? 


13A (p, n)Si?7 
Ald, p)AI® 
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It is evident from the above mentioned reactions that the nuclear reaction is followed by 
copturing a particle, resulting in a compound excited nucleus, which undergoes further transforma- 
tion in a short period of time. 

The transformation may adopt the following five main different paths : 

1. Elastic scattering. The neutron interacts with the nucleus and after transformation the 
compound nucleus emits a particle which is identical to the captured one. There is also no change in 
the resultant nucleus. The total internal energy of the bombarded nucleus and the restriking parti- 
clewill not change at all. The process is known aselastic scattering. Elastic scattering is also termed 
aselastic collision. When the neutron strikes the nucleus, it imparts the part of initial kinetic energy 
and momentum to the nucleus which causes the displacement of the nucleus in the crystal lattice by 
a significant distance and can change the structural properties of the material. 

In elastic scattering process the kinetic energy of neutron is reduced and is beneficial to slow 
down the neutron in reactor. In this transformation, there is neither release nor absorption of energy 
but as a result of collision, redistribution of kinetic energy takes place. 

Example of elastic scattering. When a neutron strikes a light nucleus (e.g., hydrogen 
nucleus), the velocity of the neutron is very much reduced and the energy is transferred to the 
proton, Here most of the energy is transferred because both the particles are having nearly the same 
masses. It has been observed that in such a single collision, the loss of energy of the proton is nearly 
70 to 75 percent. In case the neutron impacts with the heavy nucleus, the energy loss in single 
collision is less. With carbon nucleus this loss amounts to nearly 12 to 17 percent of the initial value. 
The reaction is written as C!*n, n)C?2, 

2. Inelastic scattering. The composition of the incident particle and ejected particle re- 
mains unchanged. When the particle interacts with the nuclei it loses its kinetic energy and the 
target nucleus is excited. The energy is released in the form of gamma emission. This transforma- 
tion is known as inelastic scattering or collision. The process is limited to the condition that the 
neutron should have minimum energy sufficient to excite the target nucleus. The reaction is com- 
pleted with the absorption or release of energy. The neutron energy loss is of the order of 10 to 20 
percent of the initial value. 

When a fast moving neutron hits the U28 nucleus, the nucleus is excited and there is an 
emission of gamma quantum [U2 (n, ny) U23). 

3. Capture. In this process the incident particle may be captured or absorbed by the nucleus 
and may raise the mass number by unity. The nucleus is excited and the energy is emitted in the 
form of gamma quantum. The artificial radioactive materials are produced by this process. In a 
reactor, Co-60 isotope is produced by bombarding the natural Co-69 with neutrons. The reaction has 
both the possibilities of producing the stable and unstable nucleus and may result in (n, y) or (p, Y) 
reactions. This transformation may take place with elastic scattering. When a neutron interacts 
with light hydrogen, it forms heavy hydrogen, deuterium. The mass of deuterium is less than its 
components. This mass defect is corresponding to the release of gamma quantum. 

4. In this reaction, the impinging particle is trapped in the nucleus but the ejected particle is a 
different one. The composition of the resultant nucleus is also different from the parent nucleus. 

5. Fission. When the nucleus is excited too much, it splits into two mostly equal masses. This 
particular reaction is suited only to the heavy nucleus such as U2, U?35, Pu etc. The transforma- 
tion is known asfission. The produced two nuclei are lighter nuclei ; they have more binding energies 
per nucleon and hence this reaction always releases the energy (Fig. 6.2). 


6.1.9. Nuclear Cross-sections 


Cross-sections (or attenuation coefficients) are measures of the probability that a given reac- 
tion will take place between a nucleus or nuclei and incident radiation. 

Cross-sections are called either microscopic or macroscopic, depending on whether the refer- 
ence is to a single nucleus or to the nuclei contained in a unit volume of material. 
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Microscopic cross-section : 

It is a measure of the probability that a given reaction will take place between a single nucleus 
and an incident particle. Microscopic cross-section is usually denoted by the symbol c and is ex- 
pressed in terms of the effective area that a single nucleus presents for the specified reavtion. Since 
these cross sections are usually quite small, in the range of 10-2 to 1072 cm/nucleus it is general 
practice to express them in terms of a unit called the barn, which is 10% cm*nucleus. 


Macroscopic cross-sections : 

These are the products of microscopic cross-sections and the atomic density in nuclei per 
cubic centimeter and are equivalent to the total cross-section, for a specific reaction of all the nuclei 
in 1 cm? of material. Macroscopic cross-sections are denoted by the symbol E for neutrons and p for 
gamma rays and have the units em}. 


Gamma ray cross-sections : 

Although there are a large number of interaction processes that take place between gamma 
rays and matter, the most commonly used are the energy-absorption cross-section (used to deter- 
mine gamma heating and dose rates) and the total attenuation cross-section (used to determine 
material gamma-ray attenuation and for shielding design). 

Neutron cross-sections : 

Neutrons undergo a large number of different interaction processes with matter, and, unlike 
gamma rays, many of these individual interactions must be evaluated. Neutron cross-sections of 
general use are 


(i) Fission (i) Gamma-ray production 
(iii) Activation (iv) Elastic scattering 

(v) Inelastic scattering (vi) Reaction particle production 
(vii) Total absorption (viii) Total attenuation. 


Both neutron and gamma-ray cross-sections areenergy-dependent properties. Plots of gamma- 
ray cross-section us photon energy for all materials are, over the energy range of interest, smooth 
curves, whereas for neutron cross sections the curves of many materials show gross variations from 
a smooth curve. The variations in neutron cross-sections show up as peaks and valleys on the cross- 
section plot ; these peaks are called resonances. When a material has a large number of resonance 
peaks over a portion of the energy range, this portion of the cross-section plot is called a resonance 
region. The resonance region can have a significant effect on reactor design, since the material U28 
which is present in most fuels has a relatively wide resonance region which can cause extensive 
neutron absorption during the slowing down of neutrons to thermal energy. 

‘The known cross-sections for materials potentially useful in reactor systems are used as 
primary criteria in materials selection. For example, high-neutron-absorption cross-section materi- 
als would not normally be used as materials of construction in the vicinity of a reactor core to 
prevent competition for the neutrons required to sustain the fission process ; and high activation 
cross-section materials would not be chosen, if they can be avoided, in a region exposed to a high 
neutron flux during operation, if that region is to be accessible after reactor shut-down. 


6.1.10. Fertile Materials 


It has been found that some materials are not fissionable by themselves but they can be 
converted to the fissionable materials, these are known as fertile materials. 

Pu% and U% are not found in nature but U28 and Th? can produce them by nuclear 
reactions. When U** is bombarded with slow neutrons it produces ;,U?99 with half-life of 23.5 days 
which is unstable and undergoes two beta disintegratio, . The resultant Pu”? has half-life of 
2.44 x 10* yrs and is a good alpha emitter. 
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During conversion the above noted reactions will take place. The other isotopes of neptunium 
such as 2.1 day Np? and plutonium can also be produced by the bombardment of heavy particles 
accelerated by the cyclotron, 


‘The nuclear transformations to convert gjTh™*? to U?9 are given below : 


Th? + n1 — o y Thi33 4. y -.(6.19) 
233 min. 
sq Thess D Passe? (6,20) 
274 
spun Idam ue, eo (6.21) 


U?35 is the source of neutrons required to derive Pu” and U2 from Th??? and U28 respec- 
tively. This process of conversion is performed in the breeder reactors. 

Other fissionable materials. Th”, Pa?*?, U21, Np*** and Pu?*! are the other nuclides 
which are having high cross-sections for neutron thermal fission. Pu! is the important nuclide 
which is used in plutonium fueled power reactors. 


6.1.11. Fission of Nuclear Fuel 


Fission is the process that occurs when a neutron collides with the nucleus of certain of the 
heavy atoms, causing the original nucleus to split into two or more unequal fragments which carry off 
most of the energy of fission as kinetic energy. This process is accompanied by the emission of neutron 
and gamma rays. 

Fig. 6.3 is a representation of the fission of uranium 235. The energy released as a result of 
fission is the basis for nuclear-power generation. The release of about 2.5 neutrons/fission makes it 
possible to produce sustained fissioning. 


Incident , 
neutron 


Fig. 6.3. Fission of uranium 235. Incident neutron, upon colliding with U% nucleus, causes 
fission to take place, resulting in the production of fission fragments, prompt neu- 
trons and prompt gamma rays. 
‘The fission fragments that result from the fission process are radioactive and decay by 
emission of beta particles, gamma rays and to a lesser extent alpha particles and neutrons. The 
neutrons that are emitted after fission, by decay of some of the fission fragments, are called delayed 


neutrons. These are of the utmost importance, since they permit the fission chain reaction to be 
easily controlled. 
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The total detectable energy released owing to the fission of a single nucleus of uranium 235 is 
193 MeV, distributed as shown below : 
Distribution of fission energy 
MeV + 


Delayed energy release : 
Beta particle decay of fission products 
Gamma-ray decay of fission products 


Delayed total 


As is shown above, the neutron emitted as a result of fission of a uranium 235 nucleus carry 
off 5 MeV of kinetic energy. Since on average there are about 2.5 neutrons emitted/U795 fission, the 
average neutron energy is 2 MeV. Actually fission neutrons are emitted with an energy speed of 
from nearly zero energy to approximately 16 MeV, the bulk of the them being in the 1- to 2-MeV 
energy region. 

Note. Although not strictly a result of the fission process, there is an additional 5 to 8 MeV emitted per 
fission as a result of the capture of neutrons not used in the fission chain reaction. About 1 MeV of this total is 
emitted over a period of time owing to decay of activation products, and the remainder is emitted immediately 
upon neutron capture. 

Most of the reactors in existence today or planned for the near future are called thermal 
reactors, since they depend on neutrons which are in or near thermal equilibrium with their 
surroundings to cause the bulk of fissions. These reactors make use of the fact that the probability for 
fission is highest at low energy by slowing down the neutrons emitted as a result of fissioning to 
enhance fission captures in the fuel. Loss of neutrons to non-fission-capture processes is lessened by 
minimising the quantity of non-fissile material in or near the reactor core. The materials used to 
decelerate fast neutrons to thermal energy levels are called moderators. Effective and efficient 
moderators must slow the fission neutrons, in the 1- to 2-MeV range to thermal energy at about 
0.025 eV to less than 0.1 eV. This effect must be produced in a small volume and with very little 
absorption. 

‘The Chain reaction : 

A chain reaction is that process in which the number of neutrons keeps on multiplying rapidly 
(in geometrical progression) during fission till whole of the fissionable material is disintegrated. The 
chain reaction will become self-sustaining or self propagating only if, for every neutron absorbed, at 
least one fission neutron becomes available for causing fission of another nucleus. This condition 
can be conveniently expressed in the form of multiplication factor or reproduction factor of tho sys- 
tem which may be definded as 
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No. of neutrons in any particular generation 

‘No. of neutrons in the preceding generation 

IFK > 1, chain reaction will continue and if K < 1, chain reaction cannot be maintained. 

Fig. 6.4 shows schematically a chain reaction which when set off ultimately leads to a rapidly 


growing avalanche having the characteristic of an explosion. The rate of growth of the chain process 
is shown in Fig. 6.5. 


K= 
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Among the nuclear radiations produced in a reactor the alpha and beta particles, thermal 
(slow) neutrons, fast neutrons and gamma rays are harmful ones and must be shielded against. Of 
these only the fast neutrons and gamma rays present some serious difficulty in designing the reactor 
shielding, since alpha and beta particles can be stopped by a fraction of an inch of a solid substance, 
while thermal neutrons can be automatically guarded against with a shield thick enough to provide 
protection against fast neutrons and gamma rays. 

The effectiveness of a nuclear shield against gamma rays approximately depends upon its 
mass. À heavy material like lead will be a more effective shield per unit weight, than a light element 
such as carbon. On the other hand, light elements, particularly hydrogen are much more effective per 
unit weight than heavy elements for fast neutron shielding. Concrete is a material that offers a com- 
promise between these two extreme characteristics of shielding material for both gamma rays and 
fast neutrons. It is a material which has low cost and is easily available. 

The actual design of the shield, however, involves the following considerations : 

G) The total amount of radiation produced in the reactor. 
(ii) The amount of radiation that can be permitted to leak through the shield. 
(iii) The shielding properties of material. 

6.3.4. Power of a Nuclear Reactor 

The fission rate of a reactor i.e., total number of nuclei undergoing fission per second in a 
reactor is 

=nCoNV = €, ONV 
where, n = Average neutron density i.e., number per m, 
C - Average speed in m/s, 
nu 7 nC = Average neutron flux, 
N = Number of fissile nuclei /m?, 
a = Fission cross-section in m?, and 
V = Volume of the nuclear fuel. 


Since 3.1 x 10% fission per second generate a power of one watt, the power P of a nuclear 
reactor is given by, 


nCaNV 
P= 75x10 watt 


=3.2 x 101! nCo NV watt 
232x107! 6, o NV watt 
Now, NV =Total number of fissile nuclei in the reactor fuel 
=m x 6.02 x 107/235 
where, m is the mass of the U5 fuel. It is known that fission cross-section c of U5 for thermal 
neutrons is 582 barns = 582 x 10-8 m?. 
32x 107 x $,, x 582 x 1079 x m x 6.02 x 10% 
z 235 
=4.77 x 107? m 6, watt 
= 48 x 10°? mnC watt. 


P 


182 POWER SYSTEM ENGINEERING 


6.4. MAIN COMPONENTS OF A NUCLEAR POWER PLANT 
Fig. 6.11 shows schematically a nuclear power plant. 


Hot coolant 
—- 


Coolant pump Feed pump 


Fig. 6.11. Nuclear power plant. 

The main components of a nuclear power plant are : 

1, Nucl^ar reactor 

2. Heat exchanger (steam generator) 

3. Steam turbine 

4. Condenser 

5. Electric generator. 

In a nuclear power plant the reactor performs the same function as that of the furnace of 
steam power plant (i.e., produces heat). The heat liberated in the reactor as a result of the nuclear 
fission of the fuel is taken up by the coolant circulating through the reactor core. Hot coolant leaves 
the reactor at the top and then flows through the tubes of steam generator and passes on its heat to 
the feed water. The steam so produced expands in the steam turbine, producing work and thereafter 
is condensed in the condenser. The steam turbine in turn runs an electric generator thereby produc- 
ing electrical energy. In order to maintain the flow of coolant, condensate and feed water pumps are 
provided as shown in Fig. 6.11. 


6.5. DESCRIPTION OF REACTORS 


6.5.1. Pressurised Water Reactor (PWR) 


A pressurised water reactor, in its simplest form, is a light water-cooled and moderated thermal 
reactor having an unusual core design, using both natural and highly enriched fuel. The principal 
parts of the reactor are : 


1. Pressure vessel 2. Reactor thermal shield 
3. Fuel elements 4. Control rods 
5. Reactor containment 6. Reactor pressuriser. 


The components of the secondary system of pressurised water plant are similar to those in a 
normal steam station. 

Refer to Fig. 6.12. In PWR, there are two circuits of water, one primary circuit which passes 
through the fuel core and is radioactive. This primary circuit then produces steam in a secondary 
circuit which consists of heat exchanger or the boiler and the turbine. As such the steam in the 
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turbine is not radioactive and need not be shielded. The pressure in the primary circuit should be 
high so that the boiling of water takes place at high pressure. A pressuring tank keeps the water at 
about 100 kgf/cm? so that it will not boil. Electric heating coils in the pressuriser boil some of the 
water to form steam that collects in the dome. As more steam is forced into the dome by boiling, its 
pressure rises and pressurises the entire circuit. The pressure may be reduced by providing cooling 
coils or spraying water on the steam. 


Pressuriser 


Generator 


CS 
Circulating pump Feed pump 


Fig. 6.12. Pressurised water reactor. 
Water acts both as coolant as well as moderator. Either heavy water or the light water may be 
used for the above purpose. 
A pressurised water reactor can produce only saturated steam. By providing a separate furnace, 
the steam formed from the reactor could be superheated. 
Advantages of PWR: 
1. Water used in reactor (as coolant, moderator and reflector) is cheap and easily available. 
2. The reactor is compact and power density is high. 
3. Fission products remain contained in the reactor and are not circulated. 
4. A small number of control rods is required. 
5. There is a complete freedom to inspect and maintain the turbine, feed heaters and con- 
denser during operation. 
6. This reactor allows to reduce the fuel cost extracting more energy per unit weight of fuel 
as it is ideally suited to the utilisation of fuel designed for higher burn-ups. 
Disadvantages : 
1. Capital cost is high as high primary circuit requires strong pressure vessel. 
2. In the secondary circuit the thermodynamic efficiency of this plant is quite low. 
3. Fuel suffers radiation damage and, therefore its reprocessing is difficult. 
4. Severe corrosion problems. 
5. It is imperative to shut down the reactor for fuel charging which requires a couple of. 
month's time. 
6. Low volume ratio of moderator to fuel makes fuel element design and insertion of control 
rods difficult, 
7. Fuel element fabrication is expensive. 
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6.5.2. Boiling Water Reactor (BWR) 

In a boiling water reactor enriched fuel is used. As compared to PWR, the arrangement of 
BWR plant is simple. The plant can be safely operated using natural convection within the core or 
forced circulation as shown in the Fig. 6.13. For the safe operation of the reactor the pressure in the 
forced circulation must be maintained constant irrespective of the load. In case of part load opera- 
tion of the turbine some steam is by-passed. 


Fig. 6.13. Boiling water reactor. 


Advantages of BWR : 
. Heat exchanger circuit is eliminated and consequently there is gain in thermal efficiency 
and gain in cost. 
2. There is use of a lower pressure vessel for the reactor which further reduces cost and 
simplifies containment problems. 
3. The metal temperature remains low for given output conditions. 
‘The cycle for BWR is more efficient than PWR for given containment pressure, the outlet 
temperature of steam is appreciably higher in BWR. 
5. The pressure inside the pressure vessel is not high so a thicker vessel is not required. 
Disadvantages: s 
1. Possibility of radioactive contamination in the turbine mechanism, should there be any 
failure of fuel elements. 
2. More elaborate safety precautions needed which are costly. 
3. Wastage of steam resulting in lowering of thermal efficiency on part load operation. 
4. Boiling limits power density ; only 3 to 5% by mass can be converted to steam per pass 
through the boiler. 
5. The possibility of "burn out" of fuel is more in this reactor than PWR as boiling of water on 
the surface of the fuel is allowed. 
6.5.3. CANDU (Canadian-Deuterium-Uranium) Reactor 
CANDU is a thermal nuclear power reactor in which heavy water (99.8% deuterium oxide 
D,O) is the moderator and coolant, as well as the neutron reflector. This reactor was developed in 
Canada and is being extensively used in this company. A few CANDU reactors are operating or 
under construction in some other countries as well. 


a 
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In this type of reactor the natural uranium (0.796 U™®) is used as fuel and heavy water as 
moderator. These reactors are more economical to those countries which do not produce enriched 
uranium, as the enrichment of uranium is very costly. 

CANDU (heavy water) reactor, differs basically from light-water reactors (LWRS) in that in 
the latter the same water serves as both moderator and coolant, whereas in the CANDU reactor the 
moderator and coolant are kept separate. Consequently unlike the pressure vessel of a LWR, the 
CANDU reactor vessel, which contains the relatively cool heavy water moderator, does not have to 
withstand a high pressure, Only the heavy water coolant circuit has to be pressurised to inhibit boil- 
ing in the reactor core. 

Description of CANDU reactor 

Fig. 6.14 shows the schematic arrangement of a CANDU reactor. 

Reactor vessel and core. The reactor vessel is a steel cylinder with a horizontal axis ; the 
length and diameter of a typical cylinder being 6 m and 8 m respectively. The vessel is penetrated by 
some 380 horizontal channels called pressure tubes because they are designed to withstand a high 
internal pressure. The channels contain the fuel elements and the pressurised coolant flows along 
the channels and around the fuel elements to remove the heat generated by fission. Coolant flows in 
the opposite directions in adjacent channels. 

‘The high pressure (10 MPa) and high temperature (370°C) coolant leaving the reactor core 
enters the steam generator, About 5% of fission heat is generated by fast neutrons escaping into the 
moderator, and this is removed by circulation through a separate heat exchanger. 


Fig. 6.14. CANDU reactor. 
Fuel. In a CANDU reactor the fuel is normal (i.e., unenriched) uranium oxide as small cylinder 
pellets. The pellets are packed in a corrosion resistance zirconium alloy tube, nearly 0.5 long and 
1.3 cm diameter, to form a fuel rod. The relatively short rods are combined in bundles of 37 rods, and 
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12 bundles are placed end to end in each pressure tube. The total mass of fuel in the core is about 
97,000 kg. The CANDU reactor is unusual in that refueling is conducted while the reactor is operating, 

Control and protection system : 

‘There are the various types of vertical control system incorporated in the CANDU reactor : 

— Anumber of strong neutron absorber rods of cadmium which are used mainly for reactor 
shut-down and start-up. 

— In addition to above there are other less strongly, absorbing rods to control power varia. 
tions during reactor operation and to produce'an approximately uniform heat (power) 
distribution throughout the core. 

In an emergency situation, the shut-down rods would immediately drop into the core, followed, 

if necessary by the injection of a gadolinium nitrate solution into the moderator. 

Steam system. Steam system is discussed below : 

— The respective ends of the pressure tubes are all connected into inlet and outlet headers, 

— The high temperature coolant leaving the reactor passes out the outlet header to a steam 
generator of the conventional inverted U-tube and is then pumped back into the reactor 
by way of the inlet header. 

— Steam is generated at a temperature of about 265°C. 

There are two coolant outlet (and two inlet) headers, one at each end of the reactor vessel, 
corresponding to the opposite directions of coolant flow through the core. Each inlet (and outlet) 
header is connected to a separate steam generator and pump loop. A single pressurizer (of the type 
used in pressurised water reactors) maintains an essentially constant coolant system pressure. 


‘The reactor vessel and the steam generator system are enclosed by a concrete containment 
structure. A water spray in the containment would condense the steam and reduce the pressure that 
would result from a large break in the coolant circuit. 

Advantages of CANDU reactor : 

Heavy water is used as moderator, which has higher multiplication factor and low fuel 
consumption. 

Enriched fuel is not required. 

The cost of the vessel is less as it has not to withstand a high pressure. 

Less time is needed (as compared to PWR and BWR) to construct the reactor. 

The moderator can be kept at low temperature which increases its effectiveness in slow- 
ing down neutrons. 

Disadvantages : 

1. It requires a very high standard of design, manufacture and maintenance. 

2. The cost of heavy water is very high. 

3. There are leakage problems. 

4. The size of the reactor is extremely large as power density is low as compared with PWR 
and BWR. 

6.5.4. Gas-Cooled Reactor 

In such a type of reactor, the coolant used can be air, hydrogen, helium or carbondioxide. 
Generally inert gases are used such as helium and carbondioxide. The moderator used is graphite. 
The problem of corrosion is reduced much in such reactors. This type of reactor is more safe specially 
in case of accidents and the failure of circulating pumps. The thickness of gas cooled reactor shield is 
much reduced as compared to the other types of reactors. 
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BRPREBEBSER 


What is a ‘Liquid metal-cooled reactor’ ? Explain briefly a typical liquid metal reactor. 

Describe a breeder reactor. What are its advantages and disadvantages ? 

What factors must be considered while selecting materials for the various reactor components ? 
List the advantages and disadvantages/limitations of nuclear power plants 

Discuss the various factors which must be considered while selecting a site for a nuclear power plant 
Give the application of nuclear power plants. 

What do you mean by ‘Economics of nuclear power plants’? 

List down some safety measures for nuclear power plants. 

What is the future of nuclear power ? 
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operating large wind power generators. 7.3. Tidal power plants—Introduction—Components of tidal 
power plants—Classilication and operation of tidal power plants—Advantages and limitations of tidal 
power generation. 7.4. Solar power plants—Solar energy General terms and introduction Collectors. 
in various ranges and applications—Flat plate colléctors— Focusing (or concentrating) collectors— 
Solar pond technology—Low temperature thermal power generation—Medium temperature systems. 
using focusing collectors—High temperature systems—solar farm and solar tower plant. 7.5. 
isources—Geothermal power estimate— 
and disadvantages of 
I energy over other energy forms. 7.6. Direct energy conversion systems—Thermoelectric 
conversion system—Thermionic conversion system—Photovoltaic power system—Magneto- 
hydrodynamics (MHD) system—Electrostatic mechanical generators—Electro gas-dynamic generators 
(EGD)—Fuel ceils—Nuclear Batteries. Highlights—Theoretical Questions. 


7.1. INTRODUCTION 


A plenty of energy is needed to sustain industrial growth and agricultural production. The 
existing sources of energy such as coal, oil, uranium ete. may not be adequate to meet the ever 


increasing energy demands. These conventional sources of energy are also depleting and may be 


untiring efforts shall have to be made by the scientists and engineers in exploring the possibi 
harnessing energy from several non-conventional energy sources. The various non-conventional energy 
sources are as follows 


(i) Solar energy (ii) Wind energy 
(iii) Energy from biomass and biogas (iv) Ocean thermal energy conversion 
(v) Tidal energy (vi) Geothermal energy 


(vii) Hydrogen energy ) Fuel cells 
(ix) Magneto-hydrodynamics generator (x) Thermionic converter 
(xi) Thermo-electric power. 


Advantages of non-conventional energy sources : 

The leading advantages of non-conventional energy sources are : 

1. They do not pollute the atmosphere. 

2. They are available in large quantities. 

3. They are well suited for decentralised use. 

According to energy experts the non-conventional energy sources can be used with advantage 


for power generation as well as other applications in a large number of locations and situations in 
our country. 
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7.2.1. Introduction 


‘The electrical energy can be generated by wind energy. The wind energy, which is an indirect 
source of energy, can be used to run a wind will which in turn drives a generator to produce electric- 
ity. Although wind mills have been used for more than a dozen centuries for grinding grain and 
pumping water, interest in large scale power generation has developed over the past 50 years. A 
largest wind generator built in the past was 800 kW unit operated in France from 1958-60. The 
flexible 3 blades propeller was about 35 diameter and produced the rated power in a 60 km/ 
hour wind with a rotation speed of 47 r.p.m. The maximum power developed was 12 MW. In India 
the interest in the wind mills was shown in the last fifties and early sixties. Apart from importing a 
few from outside, new designs were also developed, but they did not sustain. It is only in last 10—15 
years that development work is going on in many institutions. An important reason for this lack of 
interest in wind energy must be that wind, in India is relatively low and vary appreciable with 
seasons. These low and seasonal winds imply a high cost of exploitation of wind energy. In our 
country high wind speeds are however available in coastal areas of Sourashtra, Western Rajsthan 
and some parts of central India. In these areas there could be a possibility of using medium and 
large sized wind mills for generation of electricity. 

Characteristics of wind energy : 

1. Wind-power systems do not pollute the atmosphere. 

2, Fuel provision and transport are not required in wind-power systems. 

3, Wind energy is a renewable source of energy. 

4. Wind energy when produced on small scale is cheaper, but competitive with conventional 
power generating systems when produced on a large scale. 

Wind energy entails following shortcontings/problems : 

1. It is fluctuating in nature, 

2. Due to its irregularity it needs storage devices. 

3. Wind power generating systems produce ample noise. 

7.2.2. Wind Availability and Measurement 

Wind energy can only be economical in areas of good wind availability. Wind energy differs. 
with region and season and also, possibly to an even greater degree with local terrain and vegeta- 
tion. Although wind speeds generally increase with height, varying speeds are found over different. 
kinds of terrain. Observations of wind speed are carried out at meteorological stations, airports and 
lighthouses and are recorded regularly with ten minute mean values being taken every three hours 
ata height of 10 m. But airports, sometimes are in valleys and many wind speed meters are situated 
low and combinations of various, other factors mean that reading can be misleading. It is difficult, 
therefore, to determine the real wind speed of a certain place without actual in-situ measurements. 

The World Meteorological Organization (WMO) has accepted four methods of wind record- 


ing: 
(i) Human observation and log book. 
(ii) Mechanical cup-counter anemometers. 
(iii) Data logger. 
(iv) Continuous record of velocity and direction. 
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1. Human observation and log book. This involves using the Beaufort Scale of wind 
strengths which defines visible "symptoms" attributable to different wind speeds. The method is 
cheap andeasily implemented but isoften unreliable. The best that can be said of such records is that 
they are better than nothing. 

2, Mechanical cup-counter anemometers. The majority of meteorological stations use 
mechanical cup-counter anemometers. By taking the readings twice or three times a day, it is possi- 
ble to estimate the mean wind speed. This is a low cost method, but is only relatively reliable. The 

` instrument has to be in good working order, it has to be correctly sited and should be reliably read at 
least daily. 

8. Data logger. The equipment summarizes velocity frequency and direction. It is more ex- 
pensive and prone to technical failures but gives accurate data. The method is tailored to the produc- 
tion of readily interpretable data of relevance to wind energy assessment, It does not keep a time 
series record but presents the data in processed form. 

4, Continuous record of velocity and direction. This is how data is recorded at major 
airports of permanently manned meteorological stations. The equipment is expensive and techni- 
cally complex, but it retains a detailed times-series record (second-by-second) of wind direction and 
wind speed. Results are given in copious quantities of data which require lengthy and expensive 
analysis, s 

7.2.3. Types of Wind Mills 

The various types of wind mills wl ich are practically useful are shown in Fig. 7.1. 

1, Multiple blade type. It is the most widely used wind mill. It has 15 to 20 blades made 
from metal sheets. The sail type has three blades made by stitching out triangular pieces of convass 
cloth. Both these types run at low speeds of 60 to 80 r.p.m. 

2, Savonius type. This type of windmill has hollow circular cylinder sliced in half and the 
halves are mounted on vertical shaft with a gap in between. Torque is produced by the pressure 
difference between the two sides of the half facing the wind. This is quite efficient but needs a large 
surface area. 

3. Darrieus type. This wind mill needs much less surface area. It is shaped like an egg 
beater and has two or three blades shaped like aerofoils. 

It may be noted that : 

— Both the Savonius and Darrieus types are mounted on a vertical axis and hence they can 

run independently of the direction of wind. 

— The horizontal axis mills have to face the direction of the wind in order to generate power. 

Performance of wind mills : 

The performance of a wind mill is defined as ‘Co-efficient of performance’ (KJ. 

Power delivered by the rotor 

= Maximum power available in the wind 
Pod. 

Es rar 

HUE 


K, 
or, K, 
where, p= Density of air, 


A = Swept area, and 
U,, = Velocity of wind. 
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Four-blade Dutch wind mill 


— 


Propeller type Darrieus type 
Fig. 7.1. Types of wind mills. 

Fig. 7.2 shows a plot between K, and tip speed ratio U,/U,, 
where U,, = Speed of blade tip. 

It can be seen that K, is the lowest of Savonius and Dutch types whereas the propeller types 
have the highest value. 

In the designing of wind mills, it is upper most to keep the power to weight ratio at the lowest 
possible level. 
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Tip speed ratio U,, / U, —> 
Fig. 7.2. K, of wind mills. 
7.24. Wind-Electric Generating Power Plant 


Fig. 7.3 shows the various parts of a wind-electric generating power plant. These are : 
1. Wind turbine or rotor. 


2, Wind mill head—it houses speed increaser, drive shaft, clutch, coupling ete. 


Wind turbine. 


Fig. 7.3. Wind-electric generating power plant. 
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3. Electrical generator. 

4. Supporting structure. 

— The most important component is the rotor. For an effective utilisation, all components 
should be properly designed and matched with the rest of the components. 

— The wind mill head performs the following functions : 

(i) It supports the rotor housing and the rotor bearings. . 

(ii) It also houses any control mechanism incorporated like changing the pitch of the blades 
for safety devices and tail vane to orient the rotor to face the wind, the latter is facilitated by mount- 
ing it on the top of the supporting structure on suitable bearings. 

— The wind turbine may be located either unwind or downwind of the power. In the un- 
wind location the wind encounters the turbine before reaching the tower. Downwind 
rotors are generally preferred especially for the large aerogenerators. 

— The supporting structure is designed to withstand the wind load during gusts. Its 
type and height is related to cost and transmission system incorporated. Horizontal axis 
wind turbines are mounted on towers so as to be above the level of turbulence and other 
ground related effects. 


7.2.5. Types of Wind Machines 

Wind machines (aerogenerators) are generally classified as follows : 
1. Horizontal axis wind machines. 

2. Vertical axis wind machines. 


Horizontal axis wind machines. Fig 7.4 shows a schematic arrangement of a horizontal 
axis machine. Although the common wind turbine with a horizontal axis is simple in principle, 


Fig. 7.4. Horizontal axis wind machine. 
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yet the design of a complete system, especially a large one that would produce electric power eco- 
nomically, is complex. It is of paramount importance that the components like rotor, transmission, 
generator and tower should not only be as efficient as possible but they must also function effec- 
tively in combination. 

Vertical axis wind machines. Fig. 7.5 shows vertical axis type wind machine. One of the 
main advantages of vertical axis rotors is that they do not have to be turned into the windstream as 
the wind direction changes. Because their operation is independent of wind direction, vertical axis 
machines are called panemones. 


Guys Aeroloil blades 
(Catenary shape) 


Fig. 7.5. Vertical axis wind machine. 


7.2.6. Wind-Powered Battery Chargers 

One application of wind energy systems which is of considerable potential importance (to 
developing countries) is the use of small wind generators to charge batteries for powering lighting, 
radio communication and hospital equipment. Wind generators have been in use in Europe and 
North America since the 1920s, although their use declined considerably. 

A battery charging system has to include the following : 

(i) A wind powered generator. 

(ii) A converter. 

(iii) A container for the batteries. 

Fig. 7.6 shows a set-up of wind powered battery charging system. It is worthnoting that 12 
volt batteries, which are rechargeable using wind generators, can be used to power fluorescent tube 
lighting which is six times more efficient than tungsten filament lamps. Such lighting opens up a 
number of important development opportunities in areas which normally have no lighting. 


Generator Rectifier Battery cell pad 


Fig. 7.6 
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For small wind generators the total system efficiency is made up as follows : 


Wind regime matching efficiency 60% (approx.) 
Rotor efficiency 35% (approx) 
Generator and wiring efficiency 70% (approx.) 
Battery charge/discharge efficiency 70% (approx.) 


_ Cumulatively, a total energy capture efficiency of about 10% is generally obtained from small 
wind generators utilized for battery charging. 

Battery charging wind generators are produced in several countries, notably Australia, France, 
Sweden, Switzerland, the U.K., the U.S.A. and West Germany. In developing countries production 
is underway in China and has started in India. 


7.2.7. Wind Electricity in Small Independent Grids 


Refer to Fig. 7.7. In such systems electricity consumption fluctuates constantly as does the 
availability of wind energy. The degree of coincidence of supply and demand can be calculated by 
statistical means and it has been found that electricity supply with an acceptable degre f reliabil- 
ity cannot be based solely on wind energy. If an extensive grid does not exist, electricity storage 
(batteries) or a back-up system (diesel) is required. Loads for remote systems of upto 6 kWh/day 
equivalent to an average power consumption of 250 W with a duty cycle of 24 hours, can be provided 
with battery storage. 


‘Synchronous 
machine 


Rectifier Inverter Grid 
‘Synchronous 
nection Controllable 
rectifier 


Fig. 7.7. Principle of combined wind/diesel power generation. 

Ifa diesel and wind generator are used in conjunction with a grid, the diesel generator should 
only be used when wind energy is absent, Problems can occur, however, when the diesel generator is 
called on to change its output frequently as wind energy availability fluctuates. Besides decreasing 
the oil saving, diesel generation on this basis leads to more frequent overhauls of the generator. 
Both factors will increase costs. Several methods of overcoming these problems have been tried but 
there is not yet an established solution. Some development work has still to be done before wind 
generators can be run in parallel with diesel on a routine basis. 


7.2.8. Wind Electricity Economics 


Wind generator power costs are heavily linked to the characteristics of a wind resource in a 
specific location. The cost of supplied power declines as wind speeds increase, and the power sup- 
plied increases in proportion to the cube of the wind speed. 
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Matching available energy and load requirements is also important in wind energy econom- 
ics. The correct size of wind generator must be chosen together with some kind of storage or co- 
generation with an engine or a grid to obtain the best economy. The ideal application is a task that 
can utilize a variable power supply, e.g., ice making or water purification. Á 

Regarding the economics, the choice of interest rate obviously has a major effect on the over- 
all energy cost. With low interest rates, capital intensive power sources such as solar and wind are 
favoured. Other factors bearing a strong influence on the economics of wind electricity are the stand- 
ard of maintenance and service facilities and the cost of alternative energy supplies in the particular 
area. 


7.2.9. Problems in Operating Large Wind Power Generators 

The operation of large wind power generators entails the following problems : 

1. Location of site. The most important factor is locating a site big enough which has a 
reasonable average high wind velocity. 

Sourastra and Coastal Regions in India are promising areas. 

2. Constant angular velocity. A constant angular velocity is a must for generating A.C. 
(alternating current) power and this means very sensitive governing. — ' 

3. Variation in wind velocity. The wind velocity varies with time and varies in direction 
and also varies from the bottom to top of a large rotor (some rotors are as long as 50 meters). This 
causes fatigue in blades. 

4. Need of a storage system. At zero velocity conditions, the power generated will be zero 
and this means some storage system will have to be incorporated along with the wind mill. 

5. Strong supporting structure. Since the wind mill generator will have to be located at a 
height, the supporting structure will have to be designed to withstand high wind velocity and im- 
pacts. This will add to the initial costs of the wind mill. 

6. Occupation of large areas of land. Large areas of land will become unavailable due to 
wind mill gardens (places where many wind mills are located). The whole area will have to be pro- 
tected to avoid accidents. 


Inspite of all these difficulties, interest to develop wind mills is there since this is a clean 
source of energy. 


7.3. TIDAL POWER PLANTS 

7.3.1. Introduction 

‘The periodic rise and fall of the water level of sea which are carried by the action of the sun 
and moon on water of the earth is called the ‘tide’. Tidal energy can furnish a significant portion of 
all such energies which are renewable in nature. The large scale up and down movement of sea 
water represents an unlimited source of energy. If some part of this vast energy can be converted 
into electrical energy, it would be an important source of hydropower. 

‘The main feature of the tidal cycle is the difference in water surface elevations at the high tide 
and at the low tide. If this differential head could be utilized in operating a hydraulic turbine, the 
tidal energy could be converted into electrical energy by means of an attached generator. 


7.3.2. Components of Tidal Power Plants 
The following are the components of a tidal power plant : 
1. The dam or dyke (low wall) to form the pool or basin. 


2. Sluice ways from the basins to the sea and vice versa. 
3. The power house. 
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Dam or dyke. The function of dam or dyke is to form a barrier between the sea and the basin 
or between one basin and the other in case of multiple basins. 


Sluice ways. These are used to fill the basin during the high tide or empty the basin during 
the low tide, as per operational requirement. These devices are controlled through gates. 

Power house. A power house houses turbines, electric generators and other auxiliary equip- 
ment: far ax pestle he power bouts and huic ways shad bein alignment withthe dim or 
dyke. 

7.3.3. Classification and Operation of Tidal Power Plants 

‘Tidal power plants are classified as follows : 

1. Single basin arrangement 

(i) Single ebb-cycle system Gi) Single tide-cycle system 

(iii) Double cycle system. 

2. Double basin arrangement 

In a single basin arrangement power can be generated only intermittently. In this arrange- 
ment only one basin interacts with the sea. The two are separated by a dam or dyke and the flow 


between them is through sluice ways located conveniently along the dam. The rise and fall of tidal 
water levels provide the potential head. 


High tide. 


Turbine generator set 
(Reversible turbine) 


(b) Low tide. 
Fig. 7.8. General arrangement of tidal power plant. 
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(ii) have low emissivity, to reduce heat transfer by radiation from the emitter. 

(ii) be such that in the event some of it vaporizes and subsequently condenses on the collector 
it will not poison the collector (that is, change the collector properties, thereby making it less effec- 
tive). 

The relative importance of these properties is dependent upon the type of converter being 
designed. It should be noted that efficiency is a much slower rising function of electron emission 
capability if space charge is present than if there is no space charge. 

The work function may be reduced considerably by an absorbed single layer of foreign atoms. 
This comes about by the establishment of a dipole layer at the surface. The layer can be formed by 
atoms or molecules. This is essentially what happens in a cesium converter, which is designed so 
that cesium condenses on the emitter or collector. 

Collector. The main criteria for choosing a collector material is that it should have as low 
a work function as possible. Because the collector temperature is held below any temperature that 
will cause significant electron emission, its actual emission characteristics are of no consequence. 
‘The lower the collector work function (6), however the less energy the electron will have to give 
up as it enters the collector surface. In practice the lowest value of 6, that can be maintained 
stably is about 1.5 eV. For applications in which it is desirable to maintain the collector at 
elevated temperatures (greater than 900°K) such as space applications, an optimum value of $, 
may be determined. Molybdenum has been widely used as a collector ; it is frequently assumed 
to have a work function of 1.7 eV. 


7.6.3. Photovoltaic Power System 


Photovoltaic generators—Historical background. Edmond Becquerel in 1839 noted that 
a voltage was developed when light was directed onto one of the electrodes in an electrolytic solution. 
The effect was first observed in a solid in 1877 by W.G. Adams and R.E. Day, who conducted 
experiments with selenium. Other early workers with solids included Schottky, Lange and Grandahl, 
who did pioneering work in producing photovoltaic cells with selenium and cuprous oxide. This work 
led to the development of photoelectric exposure meters. 1954 researchers turned to the problem of 
utilizing the photovoltaic effect as a source of power. In that year several groups including the 
workers at Bell Telephone Laboratories achieved conversion efficiencies of about 6 per cent by means 
of junctions of P-type and N-type semiconductors. These early junctions, commonly called P-N 
junctions, were made of cadmium sulphide and silicon. Later workers in the area have achieved 
efficiencies more than 20 per cent by using improved silicon P-N junctions. 

Photovoltaic cell. Solar energy can be directly converted to electrical energy by means of 
photovoltaic effect which is defined as the generation of an electromotive force as a result of the ab- 
sorption of ionizing radiation. Energy conversion devices which are employed to convert sunlight. 
into electricity by the use of the photovoltaic effect are called solar cells. A single converter cell is 
called a solar cell or a photovoltaic cell. To increase the electrical power output a number of such 
cells are combined and the combination is called a solar array (or solar module). 

In a photovoltaic cell sensitive element is a semiconductor (not metal) which generates volt- 
age in proportion to the light or any radiant energy incident on it. The most commonly used photo- 
voltaic cells are barrier layer type like iron-selenium cells or Cu—CuO, cells. 

Fig. 10.26 shows a typical widely used photo-voltaic cell—"Selenium cell”. It consists of a 
metal electrode on which a layer of selenium is deposited ; on the top of this a barrier layer is formed 
which is coated with a very thin layer of gold. The latter serves as a translucent electrode through 
which light can impinge on the layer below. Under the influence of this light, a negative charge will 
build up on the gold electrode and a positive charge on the bottom electrode. 
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Solar radiation 


Transluscent layer 
£ of gold (Top electrode) 
X. „Barrier layer 


Layer of selenium 


p» NAAA“ 


Fig. 7.26. Photovoltaic cell. 
Photovoltaic cells are widely used in the following fields : 
(i) Automatic control systems. 
i) Television circuits. 
(iii) Sound motion picture and reproducing equipment. 


Metal base 
(Bottom electrode) 


Basic photovoltaic system for power generation : 


Fig 7.27 shows a basic photovoltaic system integrated with the utility grid. With the help of 
this system the generated electrical power can be delivered to the local load. 


storage Local load 


Solar cell array » 1 
Blocking diode. 


Fig. 7.27. Basic photovoltaic system integrated with power grid. 
This system consists of the following : 
1. Solar array 2. Blocking diode 
3. Battery storage 4. Inverter converter 
5. Switches and circuit breakers. 
— The solar array (large or small) converts the insolation to useful D.C. electrical power. 
— The blocking diode confines the electrical power generated by the solar array to flow 
towards the battery or grid only. In the absence of blocking diode the battery would 
discharge back (through the solar array) during the period when there is no insolation. 
— Battery storage stores the electrical power generated through solar array. 
— Inverter [converter (usually solid state) converts the battery bus voltage to A.C. of frequency 
and phase to match that needed to integrate with the utility grid. Thus it is typically a 
D.C., A.C. inverter. 


— Switches and circuit breakers permit isolating parts of the system, as the battery. 


From utility 
feeder 
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Limitations of photovoltaic energy converters 
The major factors which prohibit real photovoltaic converters from achieving the higher 


efficiencies are : 


1, Reflection losses on the surface. 

2. Incomplete absorption. 

3, Utilization of only part of the photon energy for creation of electron hole pairs. 
4. Incomplete collection of electron-hole pairs. 

5. A voltage factor. 

6. A curve factor related to the operating unit at maximum power. 

7. Additional delegation of the curve due to internal series resistance. 


Fabrication of Cells: 


A. Silicon cells : 
Silicon cells are most widely used. Next to oxygen, silicon is the most abundant element on 


earth, the pure silicon used in cell manufacture is extracted from sand which is mostly silicon dioxide 
(SiO,). The silicon required for solar cell use, because of its high purity, is expensive. 


The fabrication of silicon cells include the following steps : 

(i) The pure silicon is placed in an induction furnace where boron is added to melt. This turns 
the crystal resulting from the melt into P-type material. 

(ii) A small seed of single crystal silicon is dipped into the melt and withdrawn at a rate 
slower than 10 cm per hour, the resulting inset looks like a medium sized carrot. The rate 
of growth and other conditions are adjusted so that the crystal that is pulled is a single 
crystal. 

(iii) Wafers are then sliced from the grown crystal by the use of a diamond cutting wheel. The 
slices are then lapped, generally by hand, to remove the saw marks and strained regions. 

(iv) After a fine lap the slabs are etched in hydrofluoric acid or nitric acid to complete the first 
phase of preparation of the cells. We now have thin slices of P-type silicon with a carefully 
finished surface. 

(v) The wafers are then sealed in a quartz tube partly filled with phosphorous pentoxide and 
the arrangement is placed in a diffusion furnace where temperature is carefully control- 
led ; this process causes the phosphorous to diffuse into the P-type silicon to a depth of 
about 10“ cm to 10% cm. 

(vi) The cells are then etched in a concentrated acid to remove unwanted coatings that formed 
during manufacture. Wax or Teflon masking tape is used to protect the surfaces not to be 
etched. 


B. Thin film solar cells : 

These cells have the following advantages : 

(Ù) The material cost is low. 

(ii) The manufacturing cost is low (possibly avoiding the need for single crystal growth). 
(iii) High power-to-weight ratios. 

(iv) Low array costs, because the number of connections needed will be greatly reduced. 

The example of this type of cell is cadmium sulphide (CdS) cells. CdS cells having areas of 


50 cm? have been made by evaporating the semiconductor on to a flexible substrate such as kapton, 
a metallized plastic substrate. A barrier layer of copper sulphide is then deposited on top of the CdS. 
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7. The interconnection of different power plants reduces the amount of generating capacity 
required to be installed as compared to that which would be required without inter- 
connection. 

8. In an interconnected system the spinning reserve required is reduced. 


B.3. LOAD DIVISION BETWEEN POWER STATIONS 


Under the situation when the load curve has a very high peak value, it is usually supplied for 
two or more power stations/services by interconnection. In that case, total load as shown on load 
duration curve may be divided into following two parts : 

(i) The base load (ii) The peak load. 

Base load is supplied by one power station and the other power station takes care of the peak 
load. In such cases the load is economically apportioned to various systems in order to achieve the 
overall economy. 

In such cases it is not very necessary to interconnect the two systems of the same type. For 
example, if the base load is supplied by the steam power station, then it is not very necessary that. 
the peak load may also be supplied by the steam power station. A hydro-electric power station can 
very well be adopted for supplying the peak load. Similarly, a hydro-electric station can be used for 
supplying the base load and in that case the peak load can be supplied by steam power station or a 
diesel engine station or any other suitable unit. However the selection of the power stations for 
supplying the base load or peak load is made on the basis of the requirements and ability of the 
various power stations/services to meet those requirements. 

Requirements of a plant supplying the ‘Base load’: 

1. Minimum operation cost. 

2. Continuous supply of the load. 

3. Capital cost of the plant should be minimum. 

4. Requirement of plant maintenance should be minimum. 

5. Plant should be such that it can be easily located near the load centre. 

6. The number of operators required should be minimum. 

7. The spare parts etc. should be readily available. 

Taking into view the above requirements, let us now consider various types of plants for their 
suitability to meet the base load. 

Hydro-electric stations. (i) In these plants the operating cost is minimum as practically no 
fuel is required for the purpose of power generation, and as such there is no problem of procurement 
of the fuel. 

(ii) Maintenance cost is lower than that of other plants. 

(iii) Initial cost of the plant is very high and sometimes prohibitive. 

(iv) These plants cannot be necessarily located near the load centre as the same can be located 
at the site suitable for it. 

(v) In this case there is more or less dependence on availability of water, which in turn depends 
on the natural phenomenon of rain. 

Steam power stations. (i) The capital investment in this case as compared to hydro-electric 
stations is less but with the modern trend of using higher pressures for the purpose, the cost of such 
stations has increased considerably. But this increased cost has resulted in lower operating costs so 
much so that even it may compete with that of hydro-electric power stations. 

(ii) These plants can be easily located near the load centre, as such the cost of transmission 
lines and the losses occurring can be minimised which results in economical operation, 

(iii) Maintenance requirement is slightly higher. 
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Fig. 8.1 shows a load duration curve. 


Power (kW) ——> 


Time (hours) ——> 


Fig. 8.1. Load duration curve of the plants. 
Let, Aveax = Area of curve for peak load plant, 
Abas = Area of curve for base load plant, 
KW peax = Load for peak load plant, 
KW,,,, Load for base load plant, 
C = Total operating cost of the combination, and 


h = Hours per year. 
Let the base load be supplied by a plant having the annual cost equation as 

(Rs), =a, +b, kW +c, kWh (8.1) 
For the plant supplying the peak load let the equation be 

(Rs.), = a + by kW + c, kWh ..(8.2) 


Since the base load plant is operated most of the time, therefore, normally a plant having 
e, < c, is used for meeting the base load. 

Let 6, >b,. 

Let the load between the two plants (Fig. 8.1) be divided by arbitrary line drawn on the load 
duration curve represented by ‘1’. Under these conditions let kW,,„, be the kW for base load plant 
and let kW „eax be the load for peak load plant. 

In this case the total operating cost of the combination is given as : 

Cy =a; + a + b Wise + b3 KW, + Ci Abase CA (8.3) 

Now, if the base power is extended by the amount ofd (kW) to line ‘2’, the total operating cost 
of the combination will modify as follows : 

Cy 7a, + az &b, (Wu, + d KW) + By (kW pesk — KW) 
+ yu +d KW x h) c} + (Apoak 7 d kW x hye, ..(8.4) 
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‘The change in cost, 
Cy - Cy = 6, — by) A RW + (c - c) d KW x h 
The optimum condition requirements are that above change must be zero, i.e., 


Thus it is possible to divide the load between the plants due to which overall economy in 
operation is effected. 

The method described above for distributing the load among the two power plants in an 
interconnected system can be used for any type of plants as (i) Thermal and diesel, (ii) Thermal and 
hydro, (éii) Nuclear and hydro and so on. 


8.4. HYDRO-ELECTRIC (STORAGE TYPE) PLANT IN COMBINATION WITH STEAM 
PLANT 


Hydro-plants can take up the load quickly and follow the peak variation much better than 
thermal plants. There is a great reliability in hydro-plants and it is still more in a combined system. 
In a combined system of hydro and thermal, water storage increases the application of more hydro- 
power in normal or heavy run-off years, while steam plant can help during the time of drought. 
When the run-off is sufficient (particularly in monsoon) the Aydro-plant is used as base load and 
thermal plant works as peak load plant. Thermal plant is used as base load plant during the drought 
period and hydro-plant works as peak load plant. Fig. 8.2 (a), (b) shows their uses as base load or as 
peak load plant. 


Fig. 8.2 (a). Hydro-plant used as base load plant Fig. 8.2(b). Hydro-plant used as peak load 
during normal run-off in an inter- during drought period in an 
connected system. interconnected system. 
Thermal plants can be used at any portion of the load duration curve but it is more expensive 
to use peak load station at low load factors. 
Following cases will be discussed : 
1. Predominant hydro. 
2. Predominant thermal. 
3. Hydro and thermal equally predominant. 
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Predominant Hydro : 

Some of the hydro-plants, such as run-off river plants, are used as base load plants whereas 
some others are used as peak load plants. When the hydro-plants carry the major demand through- 
out the year then the thermal plants are used in a combined system to improve the hydropower 
efficiency during the periods when there is low run-off. 

Predominant Thermal : 

To develop hydro-plants to operate even at comparatively low annual load factors is always 
advantageous. This is due to the fact the cost of storage water forms a major portion of the capital 
investment which is independent of annual load factor and capital cost is less for low than for a high 


load factor. Thus, in a predominantly thermal station, it is preferable to develop hydro-power at the 
lowest practical load factor. 


Hydro and Thermal Equally Predominant : 

‘The economic balance between hydro and thermal power in an interconnected system at any 
time depends upon the nature of load curve, run-off and its seasonal variation, cost of fuel, availabil- 
ity of condensing water etc. There is an optimum ratio of hydro-power to total peak demand which 
gives minimum cost for power supply. This is particularly true for the areas where the cost of hydro- 
power development is high and fuel cost is low. In areas where fuel is cheap and cost of hydro-power 
development is not high, the economic power ratio lies between 0.25 to 0.4. In areas where fuel is 
costly and favourable hydro-power plant sites are abundant the ratio will be higher to the tune of 
0.8-0.9. 

The combined system of hydro and thermal plants is being adopted all the world over, and is 
particularly useful to developing countries like India where economy is desirable at every stage of 
development. 


8.5. RUN-OF-RIVER PLANT IN COMBINATION WITH STEAM PLANT 


Since during the year the supply of water is not regular in run-of-river plants, therefore, these 
plants cannot meet with variable load requirements. Further as the variation of run-off during the 
year does not match the variation of power demand during the year, therefore, it becomes necessary 
to combine such a hydro-plant with steam plant to supply the load according to requirement with 
maximum reliability. The run-of-river plant can be used as base load plant during rainy season and 
thermal plant takes up peak load. During dry season ; the thermal stations can be used as base load 
plant and run-of-river plant may work as peak load plant. 


8.6. PUMP STORAGE PLANT IN COMBINATION WITH STEAM OR NUCLEAR 
POWER PLANT 


Whenever old and inefficient thermal stations are available they are generally used to take 
up peak loads. If suitable plants are not available to take load it is desirable to develop pumped 
storage plant for the purpose. In an interconnected system a pumped storage plant is useful in 
supplying sudden peak loads of short duration (a few hours in the year). Such a plant (pumped 
storage) possesses the following advantages when used in interconnected system : 
(@ Thermal plants are loaded more economically. 

(ii) The wastage of off-peak energy of thermal plants is reduced. 

(iii) A pumped storage plant stores the energy using off-peak energy of thermal plant and the 
same is supplied when demand arises. 

A combined system of a pumped storage plant and nuclear power plant is proposed at 
Ramganga power station in Uttar Pradesh. A parallel development of nuclear power station 
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5. Load factor. The load factor is the ratio of the average power to the maximum demand. In 
each case, the interval of maximum load and the period over which the average is taken should be 
definitely specified, such as a “half-hour monthly” load factor. The proper interval and period are 
usually dependent upon local conditions and upon the purpose for which the load factor is to be used. 
Expressing the definition mathematically, 

Average load Gy 
"Masimom demand " ICE 

6. Diversity factor. The diversity factor of any system, or part of a system, is the ratio of the 

maximum power demands of the subdivisions of the system, or part of a system, to the maximum 
demand of the whole system, or part of the system, under consideration, measured at the point of 
supply. Expressing the definition mathematically, 

Sum of individual maximum demands m 
Maximum demand of entire group. AG 
7. Utilization factor. The utilization factor is defined as the ratio of the maximum generator 

demand to the generator capacity. 

8. Plant capacity factor. It is defined as the ratio of actual energy produced in kilowatt 
hours (kWh) to the maximum possible energy that could have been produced during the same period. 
Expressing the definition mathematically, 


' E 
Plant capacity factor = 7.7 (9.4) 


where, E = Energy produced (kWh) in a given period, 
C = Capacity of the plant in kW, and 
t = Total number of hours in the given period. 
9. Plant use factor. It is defined as the ratio of energy produced in a given time to the maxi- 


mum possible energy that could have been produced during the actual number of hours the plant was 
in operation. Expressing the definition mathematically, 


Load factor = 


Diversity factor = 


Plant use factor = eu (9.5) 


where, t' = Actual number of hours the plant has been in operation. 

10. Types of loads. 

(i) Residential load. This type of load includes domestic lights, power needed for domestic 
appliances such as radios, television, water heaters, refrigerators, electric cookers and small motors 
for pumping water. 

(ii) Commercial load. It includes lighting for shops, advertisements and electrical appli- 
ances used in shops and restaurants etc. 

(iii) Industrial load. It consists of load demand of various industries. 

(iv) Municipal load. It consists of street lighting, power required for water supply and drain- 
age purposes. 

(v) Irrigation load. This type of load includes electrical power needed for pumps driven by 
electric motors to supply water to fields. 

(vi) Traction load. It includes trams, cars, trolley, buses and railways. 

11. Load curve. A load curve (or load graph) is a graphic record showing the power demands 
for every instant during a certain time interval. Such a record may cover 1 hour, in which case it 
would be an hourly load graph ; 24 hours, in which case it would be a daily load graph ; a month in 
which case it would be a monthly load graph ; or a year (8760 hours), in which case it would be a 
yearly load graph. The following points are worth noting : 
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Refer to Fig. 9.1. 


Fig. 9.1. Load curve. 
(G) The area under the load curve represents the energy generated in the period considered. 
(ii) The area under the curve divided by the total number of hours gives the average load on the 
power station. 
(iii) The peak load indicated by the load curve/graph represents the maximum demand of the 
power station. 
Significance of load curves: 


© Load curves give full information about the incoming load and help to decide the installed 
capacity of the power station and to decide the economical sizes of various generating 
units. 

© These curves also help to estimate the generating cost and to decide the operating sched- 

ule of the power station ie., the sequence in which different units should be run. 

12. Load duration curve. A load duration curve represents re-arrangements of all the load 
elements of chronological load curve in order of descending magnitude. This curve is derived from 
the chronological load curve. 

Fig. 9.2 shows a typical daily load curve for a power station. It may be observed that the 
maximum load on power station is 35 kW from 8 A.M to 2 P.M. This is plotted in Fig. 9.3. Similarly 
other loads of the load curve are plotted in descending order in the same figure. This is called load 
duration curve (Fig. 9.3). 

‘The following points are worthnoting : 

(i) The area under the load duration curve and the corresponding chronological load curve is 
equal and represents total energy delivered by the generating station. 

(i) Load duration curve gives a clear analysis of generating power economically. Proper selec- 
tion of base load power plants and peak load power plants becomes easier. 

13. Dump power. This term is used in hydroplants and it shows the power in excess of the 
load requirements and it is made available by surplus water. 

14. Firm power. It is the power which should always be available even under emergency 
conditions. 

15. Prime power. It is the power which may be mechanical, hydraulic or thermal that is 
always available for conversion into electric power. 
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6AM.8AM. 2P.M.3P.M. 6PM. 6AM. 
Time (hours) —> 


Fig. 9.2. Typical daily load curve. 


Load (KW) —> 


Fig. 9.3. Load duration curve. 
16. Cold reserve. It is that reserve generating capacity which is not in operation but can be 
made available for service. 
17. Hot reserve. It is thatreserve generating capacity which is in operation but not in service. 
18. Spinning reserve. It is that reserve generating capacity which is connected to the bus 
and is ready to take the load. 


9.3. PRINCIPLES OF POWER PLANT DESIGN 
‘The following factors should be considered while designing a power plant : 


1. Simplicity of design. 2. Low capital cost. 
3. Low cost of energy generated. 4. High efficiency. 
5. Low maintenance cost. 6. Low operating cost. 


7. Reliability of supplying power. 
8. Reserve capacity to meet future power demand. 
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9.4. LOCATION OF POWER PLANT 


Some of the considerations on which the location of a power plant depends are : 

1. Centre of electrical load. The plant should be located where there are industries and 
other important consumption places of electricity. There will be considerable advantage in placing 
the power station nearer to the centre of the load. 

— There will be saving in the cost of copper used for transmitting electricity as the distance 

of transmission line is reduced. 

— The cross-section of the transmission line directly depends upon the maximum current 
tobe carried. In case of alternating current the voltage to be transmitted can be increased 
thus reducing the current and hence the cross-section of the transmission line can be 
reduced. This will save the amount of copper. 

— It is desirable now to have a national grid connecting all power stations. This provides 
for selecting a site which has other advantages such as nearer to fuel supply, condensing 
water available. : 

2, Nearness to the fuel source. The cost of transportation of fuel may be quite high if the 
distance of location of the power plant is considerable. It may be advisable to locate big thermal 
power plants at the mouth of the coal mines. Lignite coal mines should have centralised thermal 
power station located in the mines itself as this type of coal cannot be transported. Such type of 
power stations could be located near oil fields if oil is to be used as a fuel and near gas wells where 
natural gas is available in abundance. In any case it has been seen that it is cheaper to transmit 
electricity than to transport fuel. Hence the power plant should be located nearer the fuel supply 
source, 

3. Availability of water. The availability of water is of greater importance than all other 
factors governing station location. Water is required for a thermal power station using turbines for 
the following two purposes : 

(i) To supply the make-up water which should be reasonably pure water. 

(ii) To cool the exhaust steam. This cooling process is done in case of diesel engines too. For 
bigger power stations the quantity of this cooling water is tremendous and requires some natural 
source of water such aslake, river or even sea. Cooling towers could be used economically as the same 
cooling water could be used again and again. Only a part of make-up water for cooling will then be 
required. For small plants spray pounds could sometimes be used. It is economical to limit the rise in 
cooling-water temperature to a small value (between 6°C and 12°C), and to gain in cycle efficiency at 
the expense of increased cooling water pumping requirement. 

4. Type of soil available and land cost. While selecting a site for a power plant it is 
important to know about the character of the soil. If the soil is loose having low bearing power the 
pile foundations have to be used. Boring should be made at most of the projected site to have an idea 
of the character of the various strata as well as of the bearing power of the soil. The best location is 
that for which costly and special foundation is not required. 

In case of power plants being situated near metropolitan load centres, the land there will be 
very costly as compared to the land at a distance from the city. 


9.5. LAYOUT OF POWER PLANT BUILDING 


The following points should be taken care of while deciding about power plant building and 
its layout : 

1. The power plant structure should be simple and rugged with pleasing appearance. 

2. Costly materials and ornamental work should be avoided. 


ECONOMICS OF POWER GENERATION 263 


3. The power plant interior should be clean, airy and attractive. 


4. The exterior of the building should be impressive and attractive. 

5. Generally the building should be single storeyed. 

6. The layout of the power plant should first be made on paper, the necessary equipment well 
arranged and then design the covering structure. In all layout, allowances must be made for suffi- 
cient clearances and for walkways. Good clearance should be allowed around generators, boilers, 
heaters, condensers etc. Walkway clearances around hot objects and rapidly moving machinery 
should be wider than those just necessary to allow passage. Also the galleries in the neighbourhood 
of high tension bus bars should be sufficient as the space will permit. 

7. Provision for future extension of the building should be made. 


8, The height of the building should be sufficient so that overhead cranes could operate well 
and the overhauling of the turbines etc. is no problem. Sufficient room should be provided to lift the 
massive parts of the machines. 

9. Each wall should receive a symmetrical treatment in window openings ete. 

10. The principal materials used for building the power plant building are brick, stone, hollow 
tiles, concrete and steel. 

11. In case of a steam power plant, there are distinct parts of the building viz., boiler room, 
turbine room and electrical bays. Head room required in the boiler room should be greater than in 
the others. Ventilation in boiler room presents greater difficulty because of heat liberated from the 
boiler surfaces. The turbine room is actually the show room of the plant. Mezzanine flooring should 
be used in the power plant. The chimney height should be sufficient so as to release the flue gases 
sufficiently high so that the atmosphere is not polluted and the nearby buildings are not affected. 

12. The foundation of a power plant is one of the most important considerations. For this the 
bearing capacity of the sub-soil, selection of a working factor of safety and proportioning the wall 
footings to economical construction should be well thought of and tested. The pile foundations may 
have to be used where the soils have low bearing values. 

13. In any power plant machine foundation plays an important part. The machine foundation 
should be able to distribute the weight of the machine, bed plate and its own weight over a safe 
subsoil area. It must also provide sufficient mass to absorb machine vibrations. 

14. Sufficient room for storage of fuel should be provided indoor as well as outdoor so as to 
ensure against any prolonged breakdown. 


9.6. COST ANALYSIS 


‘The cost of a power system depends upon whether : 
(i) an entirely new power system has to be set up, or 
(ii) an existing system has to be replaced, or 
(iii) an extension has to be provided to the existing system. The cost interalia includes : 
1. Capital Cost or Fixed Cost. It includes the following : 


(@ Initial cost Gi) Interest 
(iii) Depreciation cost (iv) Taxes 

(o) Insurance. 

2. Operational Cost. It includes the following : 

G) Fuel cost (ii) Operating labour cost 
(iii) Maintenance cost Gv) Supplies 


(v) Supervision (vi) Operating taxes. 
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The above mentioned costs are discussed as follows : 


(a) Initial Cost : 
Some of the several factors on which cost of a generating station or a power plant depends 


(i) Location of the plant. Gi) Time of construction. 
(iii) Size of units. (iv) Number of main generating units. 
(v) The type of structure to be used. 
The initial cost of a power station includes the following : 
1. Land cost. 2. Building cost. 
3. Equipment cost. 4. Installation cost. 
5. Overhead charges which will include the transportation cost, stores and storekeeping 
charges, interest during construction etc. 

— To reduce the cost of building, it is desirable to eliminate the superstructure over the 
boiler house and as far as possible on turbine house also. 

— The cost on equipment can be reduced by adopting unit system where one boiler is used 
for one turbogenerator. Also by simplifying the piping system and elimination of dupli- 
cate system such as steam headers and boiler feed headers. The cost can be further 
reduced by eliminating duplicate or stand-by auxiliaries. 

— When the power plant is not situated in the proximity to the load served, the cost of a 
primary distribution system will be a part of the initial investment. 


(b) Interest : 

All enterprises need investment of money and this money may be obtained as loan, through 
bonds and shares or from owners of personal funds. Interest is the difference between money bor- 
rowed and money returned. It may be charged at a simple rate expressed as % per annum or may be 
compounded, in which case the interest is reinvested and adds to the principal, thereby earning 
more interest in subsequent years. Even if the owner invests his own capital the charge of interest is 
necessary to cover the income that he would have derived from it through an alternative investment 
or fixed deposit with a bank. Amortization in the periodic repayment of the principal as a uniform 
annual expense. 


(c) Depreciation : 

Depreciation accounts for the deterioration of the equipment and decrease in its value due to 
corrosion, weathering and wear and tear with use. It also covers the decrease in value of equipment 
due to obsolescence. With rapid improvements in design and construction of plants, obsolescence 
factor is of enormous importance. Availability of better models with lesser overall cost of generation 
makes it imperative to replace the old equipment earlier than its useful life is spent. The actual life 
span of the plant has, therefore, to be taken as shorter than what would be normally expected out of 
it. 


The following methods are used to calculate the depreciation cost : 

(Ð Straight line method. Gi) Percentage method. 

Gii) Sinking fund method. Gv) Unit method. 

(Ù) Straight line method. It is the simplest and commonly used method. The life of the 
equipment or the enterprise is first assessed as also the residual or salvage value of the same after 
the estimated life span. This salvage value is deducted from the initial capital cost and the balance 
is divided by the life as assessed in years. Thus, the annual value of decrease in cost of equipment is 
found and is set aside as depreciation annually from the income. Thus, the rate of depreciation is 
uniform throughout the life of the equipment. By the time the equipment has lived out its useful life, 
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an amount equivalent to its net cost is accumulated which can be utilised for replacement of the 
plant. 

(i) Percentage method. In this method the deterioration in value of equipment from year 
to year is taken into account and the amount of depreciation calculated upon actual residual value 
for each year. It thus, reduces for successive years. 

(iii) Sinking fund method. This method is based on the conception that the annual uniform 
deduction from income for depreciation will accumulate to the capital value of the plant at the end of 
life of the plant or equipment. In this method, the amount set aside per year consists of annual 
instalments and the interest earned on all the instalments. 

Let, A = Amount set aside at the end of each year for n years, 

n = Life of plant in years, 
S = Salvage value at the end of plant life, 
Annual rate of compound interest on the invested capital, and 
P - Initial investment to install the plant. 
Then, amount set aside at the end of first year = A 
Amount at the end of second year 
=A + interest on A =A «Ai =A(1 +i) 
Amount at the end of third year 
= AQ +i) + interest on A(1 + i) 
2A +) «AQ «ii 
=AQ +i? 
Amount at the end of nth year = A(1 + i?! 
Total amount accumulated in n years (say x) 
= Sum of the amounts accumulated in n years 
xsASAQRDEAQAD + 
=A[L+(14)+(1 40+. 
‘Multiplying the above equation by (1 + i), we get 
M14) =A 1+) 414i ETTET +. eil 
Subtracting equation (i) from (ii), we get 
xizKlsD-l1A 


[2 i 
x, pe 
i 
where, x = (P - S) 
P-S= [=] A (9.6) 
a, a-laarale-© 


(iv) Unit method. In this method some factor is taken as a standard one and depreciation is 
measured by that standard. In place of years an equipment will last, the number of hours that an 
eqüipment will last is calculated. This total number of hours is then divided by the capital value of 
the equipment. This constant is then multiplied by the number of actual working hours each year to 
get the value of depreciation for that year. In place of number of hours, the number of units of 
production is taken as the measuring standard. 
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(d) Operational cost : 


The elements that make up the operating expenditure of a power plant include the following 
costs : 


(i) Cost of fuels. (ii) Labour cost. 
(iii) Cost of maintenance and repairs. (iv) Cost of stores (other than fuel). 
(v) Supervision. (vi) Taxes. 


(i) Cost of fuels. In a thermal station fuel is the heaviest item of operating cost. The selec- 
tion ofthe fuel and the maximum economy in its use are, therefore, very important considerations in 
thermal plant design. It is desirable to achieve the highest thermal efficiency for the plant so that. 
fuel charges are reduced. The cost of fuel includes not only its price at the site of purchase but its 
transportation and handling costs also. In the hydroplants the absence of fuel factor in cost is re- 
sponsible for lowering the operating cost. Plant heat rate can be improved by the use of better quality 
of fuel or by employing better thermodynamic conditions in the plant design, 

The cost of fuel varies with the following : 

© Unit price of the fuel. 

e Amount of energy produced. 

e Efficiency of the plant. 

(ii) Labour cost. For plant operation labour cost is another item of operating cost. Maximum 
labour is needed in a thermal power plant using coal as a fuel. A hydraulic power plant or a diesel 
power plant of equal capacity require a lesser number of persons. In case of automatic power station 
the cost of labour is reduced to a great extent. However labour cost cannot be completely eliminated 
even with fully automatic statian as they will still require some manpower for periodic inspection 
etc. 

(iii) Cost of maintenance and repairs. In order to avoid plant breakdowns maintenance is 
necessary. Maintenance includes periodic cleaning, greasing, adjustments and overhauling of equip- 
ment. The material used for maintenance is also charged under this head. Sometimes an arbitrary 
percentage is assumed as maintenance cost. A good plan of maintenance would keep the sets in 
dependable condition and avoid the necessity of too many stand-by plants. 

Repairs are necessitated when the plant breaks down or stops due to faults developing in the 
mechanisms, The repairs may be minor, major or periodic overhauls and are charged to the depre- 
ciation fund of the equipment. This item of cost is higher for thermal plants than for hydro-plants 
due to complex nature of principal equipment and auxiliaries in the former. 

(iv) Cost of stores (other than fuel). The items of consumable stores other than fuel include 
such articles as lubricating oil and greases, cotton waste, small tools, chemicals, paints and such 
other things. The incidence of this cost is also higher in thermal stations than in hydro-electric 
power stations. 

(v) Supervision. In this head the salary of supervising staff is included. A good supervision 
is reflected in lesser breakdowns and extended plant life. The supervising staff includes the station 
superintendent, chief engineer, chemist, engineers, supervisors, stores incharges, purchase officer 
and other establishment. Again, thermal stations, particularly coal fed, have a greater incidence of 
this cost than the hydro-electric power stations. 

‘Taxes. The taxes under operating head includes the following : 

( Income tax 

Gi) Sales tax 

(ii) Social security and employee's security etc. 
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9.7. 


tion: 


9.8. 


SELECTION OF TYPE OF GENERATION 
While choosing the type of generation the following points should be taken into considera- 


1. The type of fuel available or availability of suitable sites for water power generation. 
2. Fuel transportation cost. 

3. Land required. 

4. Foundation cost. 

5. The availability of cooling water. 

6. The type of load to be taken by the power plant. 

7. Reliability in operation. 

8. Plant life. 

9. Cost of transmitting the energy. 


SELECTION OF POWER PLANT EQUIPMENT 
Selection of some important power plant equipment is discussed below : 


9.8.1. Selection of Boilers 
Tt is now well known fact that only water tube boilers (fire tube boilers not suitable) should be 


used for all central power stations. While selecting a boiler the following points should be taken care 


of: 


1. Type of fuel to be burnt. 

2. Type of load. 

3. Cost of fuel. 

4. Desirability of heat-reclaiming equipment. 

5. Availability of space for boiler installation. 

e The design and efficiency of the boiler is considerably influenced by the type of fuel used in 
a boiler. A high efficiency can be obtained with coal firing as compared to oil or gas firing. 
This is due to increased hydrogen loss in gaseous fuels. 

© The location of the plant will also decide the type of fuel to be used. If the plant is nearer 
the coal fields, coal will be cheaper. Power plants near to the oil fields and gas wells will 
naturally use these fuels. 

© Coal firing will also influence furnace design and hence the cost of boiler. In case of low 
ranking fuel such as lignites etc., pulverised firing is used. Very low fusing temperatures 
of coal require water-cooled walls and in some cases the slag tap furnaces. The yearly 
minimum operating cost has to be considered which may include production cost and 
fixed charges. In case of anthracite coal or metallurgical coke etc. the wear on pulverising 
machinery is relatively much higher than that of bituminous coal. 

‘The cost of boilers vary with the following : 

(i) Type of boiler used. (ii) Operating pressure. 

(iii) Operating temperature. (iv) Type of firing. 

(v) Efficiency desired. 

© 'Heat-reclaiming equipment’ such as economisers and air preheaters should be provided 
with boilers. With the addition of economisers and air preheaters the efficiency of the 
boiler increases from 75% to 90% and above. 
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Total annual cost =Rs. (0.5 +7 + 1 + 1.2 + 0.2 + 52.5) x 10 = Rs. 62.4 x 10° 
Total energy generated per annum 
Maximum demand x average load factor x (365 x 24) 
= 200000 x 0.6 x (365 x 24) = 1051.2 x 10°kWh, 
_ _ Total annual cost 
^ Total units generated 
_ 624x 10° 
= 10512x 10° 
If the load factor is improved to 75% : 
‘Total energy generated per annum 
= 200000 x 0.75 x (365 x 24) = 1314 x 10° kWh 
Annual operating cost = Rs. (0.5 + 7 x 1.1 x 108 + 1 + 1.2 + 0.2 + 52.5) x 10° 
= Rs, 63.1 x 108 
Total annual cost. 
= Total units generated 
63.1x 10* 
= Iara gf 7R#-0.048 perkWh or 48p.perkWh. (Ans) 


Example 9.19. A steam station has two 110 MW units. Following cost data are given : 


Cost of generation. 


7 Rs. 0.0594 per kWh or 5.94 p. perkWh. (Ans.) 


Cost of generation 


Particulars Units A Units B. 

Capital cost Rs. 2400 per kW Rs. 3000 per kW 
Fixed charge rate 10% 10% 

Capital factor 0.55 0.60 

Fuel consumption 1kglkWh 0.9 kg kWh 

Fuel cost Rs. 96 per 1000 kg Rs. 96 per 1000 kg 
Annual cost of operation, labour, 

maintenance and supplies 20% of annual fuel cost 15% of annual fuel cost 
Utilisation factor 1 1 

Calculate the following : 


(Ù) Annual plant cost and generation cost of unit A. 
(ii) Annual plant cost and generation cost of unit B. 

(iii) Overall generation cost of the station. 

Solution. (i) Annual plant cost and generation cost of unit A: 
Annual fixed cost of unit A 


= Fo x 2400 x (100 x 1000) 


Annual energy output = Maximum demand x capacity factor x no. of hours 
100 x 1000) x 0.55 x (356 x 24) 

52.998 x 107 kWh 

x 52.998 x 107 

= 52.998 x 107 kg 


Annual fuel consumption 
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Fuel cost = p x 52.998 x 10 = Rs. 50.87 x 107 
‘Annual cost of operating labour, maintenance and supplies 
2096 of annual cost. 


= ES x 50.87 x 10° = Rs. 10.174 x 10* 
‘The annual operating cost of unit A 
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= Annual fuel cost + annual cost of operation, labour and maintenance 


= Rs. (60.87 x 10° + 10.174 x 10°) = Rs. 61.044 x 10° 
Annual plant cost of unit A 
= Annual fixed cost + annual operating cost 


= Rs. (26.4 x 10° + 61.044 x 109) = Rs. 87.444 x 10%. (Ans.) 


Generation cost of unit A 
_ Annual plant cost 
‘Annual energy output 
87.444 x 10° 
= = Rs. 0.165 16.5 p/kWh. (Ans.) 
62.998 x 10" oe , 
(i) Annual plant cost and generation cost of unit B : 
Annual fixed cost of unit B 
= Ra. JO. x 3000 x 110 x 1000 = Rs. 33 x 108 
Expected annual energy output 
= (110 x 1000) x (365 x 24) x 0.6 = 57.816 x 107 kWh 
‘Annual fuel consumption 
= 0.9 x 57.816 x 107 = 52.0344 x 107 kg 
Fuel cost = 26 62.0944 x 107 = Rs, 4996 x 10° 


Annual cost of maintenance, repair ete. 
15 
=Rs. 300 x 49.95 x 10$ = Rs. 7.4925 x 105 


Annual operating cost. 

= Fuel cost + maintenance cost 

= Rs. (49.95 x 10° + 7.4925 x 10°) = Rs. 57.4425 x 10° 
Annual plant cost of unit B 

= Fixed cost + operating cost 

= Rs, 33 x 10° + 57.4425 x 10° 

= Rs. 90.4425 x 10°. (Ans) 
Generation cost of unit B 

Annual plant cost. 

= "Annual energy output 

_ 90.4425 x 108 

= 57816x10 

=Rs. 0.1564 or 15.64p/kWh. (Ans) 
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(iii) Overall generation cost of the station 
_ Sum of annual plant cost of both units 
B Sum of energy supplied 


_ 87.444 x 10° + 90.4425 x 10° 
a r orre Rainer 
52.998 x 10 +57.816x 10 


= Rs. 0.16 or 16 p/kWh. (Ans.) 


Example 9.20. The annual costs of operating a 15000 kW thermal power station are as 
follows : 


Cost of plant = Re, 1080 per kW 
Interest, insurance, taxes on plant = 5 per cent 
Depreciation = 65 per cent 
Cost of primary distribution system = Rs. 600000 
Interest, insurance, taxes and depreciation 
on primary distribution system = 5 per cent. 
Cost of secondary distribution system. = Rs. 1080000 
Interest, taxes, insurance and depreciation on 
secondary distribution system = 5 per cent 
Maintenance of secondary distribution system = Rs. 216000 
Plant maintenance cost 
( Fixed cost = Rs. 36000 
(ii) Variable cost = Rs, 48000 
Operating costs = Rs. 720000 
Cost of coal = Rs. 7.2 per kN 
Consumption of coal = 300000 kN 
Dividend to stock holders = Rs. 1200000 
Energy loss in transmission = 10 per cent 
Maximum demand = 14000 kW 
Diversity factor 215 
Load factor -07 
Determine : (i) Charge per kW per year 
(ii) Rate per kWh. 
Solution. Maximum demand = 14000 kW 
Average load 
Load factor 20 = ad 
Average load = 0.7 x 14000 = 9800 kW 


Energy generated per year = 9800 x (365 x 24) 

= 85.8 x 10°kWh 
= Capacity of plant x cost per kW 
= 15000 x 1080 = Rs. 16.2 x 105 


Cost of plant 
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* Example 9.34.4 load having a maximum demand of 100 MW and a load factor of 0.4 may 
be supplied by one of the following schemes : 
(i) A steam station capable of supplying the whole load. 


(ii) A steam station in conjunction with pump storage plant which is capable of supplying 
130 x 10° kWh energy per year with a maximum output of 40 MW. 


Find out the cost of energy per unit in each of the two cases mentioned above. 


Use the following data : 

Capital cost of steam station = Rs. 2000/ kW of installed capacity 
Capital cost of pump storage plant — - Rs. 1300/ kW of installed capacity 
Operating cost of steam plant =6p./kWh 


Operating cost of pump storage plant =0.5 p./kWh 
Interest and depreciation together on the capital invested should be taken as 12 per cent. As- 
sume that no spare capacity is required. 


Solution. (i) Steam station : 
Capital cost = 100 x 10? x 2000 = Rs. 200 x 10° 


Interest and depreciation = E x 200 x 10° = Rs. 24 x 108 


Average load = Load factor x maximum demand 
= 0.4 x 100 x 10 = 40000 kW 
Energy supplied per year = Average load x (365 x 24) 
= 40000 x 365 x 24 = 350.4 x 10° kWh 
Interest and depreciation charges per unit of energy 


6 
. = wo x 100 = 6.85 p/kWh 
Total cost per unit = 6 +6.85 = 12.85 p/kWh. (Ans) 
(ii) Steam station in conjunction with pump-storage plant : 
The load supplied by the steam plant 2100-40-60 MW 
Capital cost of steam plant 60 x 1000 x 2000 = Rs. 120 x 10 
Capital cost of pump storage plant 40 x 1000 x 1300 = Rs. 52 x 108 
‘Total capital cost of combined station = 120 x 105. 52 x 109 = Rs. 172 x 10° 
Interest and depreciation charges on capital investment 


12 
en 108 = e 
100 172 «1 Rs. 20.64 x 10! 


Operating cost of pump storage plant = E x 130 x 105 = Rs. 0.65 x 106 
The energy units supplied by steam station. 
= Total units required — energy units supplied by pump storage plant 
= 350.4 x 105 — 130 x 105 = 220.4 x 105 kWh 
Operating cost of the steam station 


6 
= jog * 220-4 x 10° = Rs. 13.22 x 10° 


"Total cost per year = Rs. (20.64 x 105 + 0.65 x 105 + 13.22 x 105) = Rs. 34.51 x 109 
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3451x105 ? 
3504x105 * 100-955 p/kWh. (Ans) 
. Note: If the above example is repeated with a load factor of 0.7 it will be observed from the results that 
tho cost of generation becomes less with higher load factor irrespective of the type of the plant. 
Example 9.35. The following data relate to a 2000 kW diesel power station : 


Total cost per unit 


The peak load on the plant. 1500 KW. 

Load factor =04 J 

Capital cost per kW installed. = Rs. 1200 

Annual costs = 15 per cent of capital 

Annual operating costs = Rs. 50000 

Annual maintenance costs : 

(i) Fixed = Rs. 9000 

(ii) Variable = Rs. 18000 

Cost of fuel = Rs. 0.45 per kg 

Cost of lubricating oil = Rs. 1.3 per kg 

C.V. of fuel = 41800 kJ hg. 

Consumption of fuel = 0.45 kg kWh. 

Consumption of lubricating oil = 0.002 kg/kWh 

Determine the following : 

(i) The annual energy generated. 

(ii) The cost of generation per kWh. 

Solution. Capital cost of the plant = 2000 x 1200 = Rs. 2.4 x 10° per year 

Interest on capital = E x 24 x 108 = Re. 0.36 x 10° per year. 

(i) Annual energy generated = Load factor x maximum demand x (365 x 24) 
70.4 x 1500 x 365 x 24 = 5.256 x 10°kWh. (Ans.) 

(ii) Cost of generation : 

Fuel consumption 0.45 x 5.256 x 10° = 2.365 x 10° kg per year 

Cost of fuel = Rs. 0.45 x 2.365 x 10° = Rs. 1.064 x 10° per year 


Lubricant consumption = 0.002 x 6.256 x 10° = 10512 kg per year 
Cost of lubricating oil = 1.3 x 10512 = Rs. 13665 per year 
Total fixed cost = Interest + maintenance (fixed) 
= 0.36 x 105 + 9000 = Rs. 369000 per year 
‘Total running or variable costs 
= Fuel cost + lubricant cost + maintenance (running) + annual operating costs 
= 1.064 x 105 + 13665 + 18000 + 50000 = Rs. 1145665 per year 
Total cost = Fixed cost + running cost = 369000 + 1145665 = Rs. 1514665 
" 1514665 
Cost of generation = c i 1007288 paisefkWh. (Ans) 
** Example 9.36. The annual costs of operating a 15 MW thermal plant are given below : 


Capital cost of plant = Rs. 15001 kW 
Interest, insurance and depreciation = 10 per cent of plant cost 
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Capital cost of primary and secondary distribution = Rs. 20 x 108 
Interest, insurance and depreciation on the capital 
cost of primary and secondary distribution = 5% the capital cost 
Plant maintenance cost = Rs. 100 x 10? per year 
Maintenance cost of primary and secondary equipment = Rs. 2.2 x 105 per year 
Salaries and wages = Rs, 6.5 x 10° per year 
Consumption of coal = 40 x 10* kN per year 
Cost of coal = Rs. 9 per kN 
Dividend to stockholders Rs. 1.5 x 105 per year 
Energy loss in transmission 
Diversity factor. 
Load factor. 
Maximum demand 
(i) Devise a two-part tariff. 
(ii) Find the average cost per kWh. 
Solution. (i) Two-part tariff : 

Average load 
toed factor = Maximum demand 

Average load 7 Load factor x maximum demand 


= 0.75 x 12 x 10 = 9000 kW 
Energy generated per year , = 9000 x (365 x 24) = 78.84 x 10° kWh 
Cost of the plant — . `= 15 x 10? x 1500 = Rs. 22.5 x 10° 
Interest, insurance and depreciation charges of the plant 
ux x 22.5 x 105 = Rs, 2.25 x 108 
Interest, insurance and depreciation charges of primary and secondary equipments 
-5 x 20 x 10° = Rs. 1.0 x 10° 
Total fixed cost = Insurance, interest and depreciation costs + dividend to stock-holders 
= Rs, (2.25 x 105 + 1.5 x 108) = Rs. 3.75 x 108 

‘Sum of individual maximum demand 

= Maximum demand x diversity factor 

= 12 105 x 1.5 = 18000 kW 

" 3.75 x 10° 

7» Fixed charges per kW = T= 
Total variable charges = All maintenance costs + salaries and wages + fuel cost 

= (100 x 10° + 2.2 x 105) + 6.5 x 105+ 40 x 10* x 9 

= (1 x 105 + 2.2 x 105) + 6.5 x 105 + 36 x 105 

= Re. 45.7 x 105 or Rs. 4.57 x 108 
Energy transmitted = Energy generated x transmission efficiency 

alee sachs [Mpcenmur ine in reer 


= Re. 208.3. 
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= 78.84 x 105 x ES = 70.956 x 105 kWh 
Charges for energy consumption. 
457x 10° 
= AREA qgs * 100 = 644 paise/kWh. 
Two-parttariff  =Rs. 208.3/kW + 6.44 paise/kWh. (Ans) 
(ii) Average cost per kWh : 
Total charges = Fixed charges + variable charges 
= 3.75 x 10° + 4.57 x 10° = Rs. 832 x 10° 
Average cost of supply = ECT x 100 = 11.72 paise/kWh. (Ans) 
70.956 x 10 
Example 9.37. A 10 MW thermal power plant has the following data : 
Peak load =8MW 
Plant annual load factor =0.72 
Cost of the plant = Rs. 800/kW installed capacity 
Interest, insurance and depreciation = 10 per cent of the capital cost 


Cost of transmission and distribution system = Rs. 350 x 10° 
Interest, depreciation on distribution system = 5 per cent 


Operating cost = Rs. 350 x 10° per year 
Cost of coal = Rs. 6 per kN. 
Plant maintenance cost. = Rs. 300001 year (fixed) 

= Rs. 40000/ year (running) 
Coal used = 250000 kN | year 
Assume transmission and distribution costs are to be charged to generation 
(i) Devise a two-part tariff. 


(ii) Average cost of generation in paise/kWh. 
Solution. (i) Two-part tariff : 


E Items Fixed cost per year | Running cost per year 
No. (in Rs.) (in Re) 
1. | Interest, depreciation etc. of the plant ag * 10000 x 800 
= Rs, 800 x 10° = 
2. | Interest, depreciation etc. of the IM 
transmission and distribution 2355x109 EJ 
3. | Annual cost of coal - 250000 x 6 
= 1500 x 10° 
4. | Operating cost — = 350 x 10 
5. Plant maintenance cost = 30 x 108 = 40 x 10° 
Total cost 847.5 x 108 1890 x 10° 
^. Grand total cost = Fixed cost + running cost 


= 847.5 x 10° + 1890 x 103 = Rs. 2737.5 x 10° 
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The daily load curve of a power plant is given by the table below : 


Time :1 2 4 6 8 1 2 2 4 6 8 10 R 
Load (MW): 2 25 3 4 6 65 65 5 6 8 9 5 2 
(i) Find the daily load factor. 


Gi) All loads in excess of 400 kW are carried out by unit No. 2 rated at 600 kW. Find its use factor. 
[Ans. (i) 0.814 (i) 0.417] 
The annual peak load on a 30 MW power station is 25 MW. The power station supplies load having 
maximum demands of 10 MW, 8.5 MW, 5 MW and 4.5 MW. The annual load factor is 0.45. Find : 
(i) Average load (ii) Energy supplied per year 
(iii Diversity factor (iv) Demand factor. 
(Ans. (i) 11.25 MW (ii) 98.55 x 10° kWh (iii) 1.12 (iv) 0.9] 
A generating station supplies the following loads : 
15 MW, 12 MW, 8.5 MW, 6 MW and 0.45 MW. The station has a maximum demand of 22 MW. The 
annual load factor of the station is 0.48. Calculate : 
(i) The number of units supplied annually 
(ii) The diversity factor. (iii) The demand factor. 
(Ans, (i) 92.5 x 10* kWh (ii) 1.907 (ii) 0.525) 


A power station has a maximum demand of 15 MW, a load factor of 0.7, a plant capacity factor of 0.525 
and a plant use factor of 0.85. Find : 


(i) The daily energy produced. 
(ii) The reserve capacity of the plant. 
(iii) The maximum energy that could be produced daily if the plant operating schedule is fully loaded 
when in operation. lAns. (i) 252000 kWh (ii) 5000 kW (iii) 296470 kWh] 


Determine the annual cost of a feed water softner from the following data : 
Cost = Rs. 80000 ; Salvage value = 5%, Life = 10 years ; Annual repair and maintenance cost = Rs. 2500 ; 
Annual cost of chemicals = Rs. 5000 ; Labour cost per month = Rs. 300 ; Interest on sinking fund = 5%. 


[Ans. Ra. 17,140] 
Estimate the generating cost per kWh delivered from a generating station from the following data : 
Plant capacity = 50 MW 
Annual load factor =04 
Capital cost. = Rs. 1.2 crores 
Annual cost of wages, taxation ete. = Rs. 4 lacs 
Cost of fuel, lubrication, maintenance etc. = 1.0 paise per kWh generated. 


Interest 5% per annum, depreciation 5% per annum of initial value. (Ans. 1.91 paise/kWh delivered] 
A 100 MW, steam power station is estimated to cost Rs. 20 crores. The operating expenses are esti- 


mated as follows : 

Cost of fuel and oil = Ris. 140 lacs per annum 
‘Transportation and storage = Rs. 20 lacs per annum 
Salaries and wages = Rs. 20 lacs per annum 
Miscellaneous = Rs, 20 lacs per annum 


Reckoning interest and depreciation at 10% of the capital cost, calculate the cost of generation per unit, 
if the average load factor of the power station is 0.6. 


What economics could be affected if the load factor was improved to 0.8, the operating expenses increas- 


ing by only 10% thereby. tAns. 6 p/kWh, 21% reduction in cost of generation] 
A steam station has two 110 MW units. Following cost data are given : 
Particulars Unit A Unit B 
Capital cost Rs. 2000 per kW Rs. 2500 per kW 
Fixed charge rate 10 per cent. 10 per cent 
Capacity factor. 0.55 06 


Fuel consumption lkg/kWh 0.9 kg/kWh 
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Fuel cost Rs. 80 per 1000 kg Rs, 80 per 1000 kg 
Anna cot of operating, 20 per cent of annual cost 15 per cent of annual cost 
labour, maintenance and 

supplies 

Utilisation factor 1 1 

Calculate the following : 


G) Annual plant cost and generation cost of unit A. 
(ii) Annual plant cost and generation cost of unit B. 
(iii) Overall generation cost of the station. 
[Ans. (i) Rs. 7,28,78,080 ; 13.75 p/kWh (ii) Rs. 75.371648 x 10° ; 
13.036 p/kWh (iii) 13.378 pA Wh] 
18. The annual costs of operating a 15,000 kW thermal power station are as follows 
Cost of plant 
Interest, insurance, taxes on plant 
Depreciation 
Cost of primary distribution system 
Interest, insurance, taxes and depreciation on primary distribution system 
Cost of secondary distribution system 
Interest, taxes, insurance and depreciation on secondary distribution system = 5 per cent 
Maintenance of secondary distribution system = Rs. 180000 
Plant maintenance cost 
(i) Fixed cost 
Gi) Variable cost. 
Operating costs 
Cost of coal 
Consumption of coal 
Dividend to stock-holders 
Energy loss in transmission 
Maximum demand 
Diversity factor 
Load factor 
Determine : (i) Charge per kW per year (ii) Rate per kWh. Ans. (i) Rs. 116.6 (ii) 3.4 p/kWh] 
19. It is proposed to supply a load with a maximum demand of 100 MW and a load factor of 0.4. Choice is to 
be made from steam, hydro and nuclear power plants. Calculate the overall cost per kWh in case of each 


Capital cost per kW installed 

Interest 

Depreciation 

Operating cost per kWh i i 10 paise 
‘Transmission and distribution 

öst Wh i .8 pai 0.2 paise 


(Ans. 27.52 p ; 23.57 p ; 38.73 pl 
20. A power plant of 150 MW installed capacity has the following data : 
Capital cost = Rs. 1800/kW installed ; Interest and depreciation = 12 per cent ; 
Annual load factor = 0.6; Annual capacity factor = 05; Annual running charges = Rs. 30 x 10*; Energy 
consumed by the power plant auxiliaries = 6 per cent. Calcula! 
G) Reserve capacity Gi) Generating cost, tne (D 25 MW GP) 10.10 piel 
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Compare the annual cost of supplying a factory load having a maximum demand of 1 MW at a load 
factor of 50% by energy obtained from 


(a) Nuclear power plant (b) Public supply 

Nuclear power plant : 

Capital cost Rs. 50000 

Cost of fuel = Rs. 600 per 1000 kg 

Fuel consumption 30 g per kWh generated 

Cost of maintenance etc. Re. 0.005 per kWh generated. 

Wages = Rs. 20000 per annum 

Interest and depreciation = 10 per cent. 

Public supply : Rs. 50 per kW + Re. 0.03 per kWh generated. fAns. Rs. 170740 ; Rs. 181400] 


A system with a maximum demand of 100000 kW and a load factor of 30% is to be supplied by either 
(a) steam station alone or (b) a steam station in conjunction with a water storage scheme, the latter 
supplying 100 million units with a maximum output of 40000 kW. The capital cost of steam and storage 
stations are Rs. 600 per kW and Rs. 1200 per kW respectively. The corresponding operating costs are 15 
paise and 3 paise per kWh respectively. The interest on capital cost is 15% per annum. Calculate the 
overall generating cost per kWh and state which of the two projects will be economical. 

Ans. 18.425 p/kWh, 15.23 p/kWhl 
A power station has the installed capacity of 120 MW. Calculate the cost of generation, other data 
pertaining to power station are given below : 


Capital cost. = Rs. 200 x 108 
Rate of interest and depreciation = 18 per cent 
Annual cost of fuel oil, salaries and taxation — z Rs. 24 x 10° 
Load factor =04 


Also calculate the saving in cost per kWh if the annual load factor is raised to 0.5. 
(Ans. 14.25 paise ; 2.84 paise) 
A 50 MW generating station has the following data : 
Capital cost = Rs. 15 x 10°; Annual taxation = Rs. 0.4 x 10°; Annual salaries and wages = Rs. 1.2 x10; 
Cost of coal = Rs. 65 per tonne ; Calorific value of coal = 5500 kcal/kg ; Rate of interest and depreciation 
= 12 per cent ; plant heat rate = 33000 keal/kWh at 100% capacity factor. Calculate the generating cost/ 
kWh at 100% capacity factor. tAns. 39.77 p/kWh] 
An input output curve of a 10 MW thermal station is given by an equation 
12 1018 + 12L + 0.5L?) keal/hour 

where / is in kcal/hour and L is the load on power plant in MW. 
Find : (i) The load at which the efficiency of the plant will be maximum. 
(ii) The increase in output required to increase the station output from 5 MW to 7 MW by using the 

input-output equation and by incremental rate curve. (Ans. (i) 6 MW (ii) 36 x 10* kcal/hour] 
‘The input-output curve of a 60 MW power station is given by : 

T= 10%8 + 8L + 0.4L?) keaVhour 

where I is the input in keal/hour and L is load in MW. 
(i) Determine the heat input per day to the power station if it works for 20 hours at full load and 

remaining period at no load. 
Gi) Also find the saving per kWh of energy produced if the plant works at full load for all 24 hours 

generating the same amount of energy. lAns. (i) 38592 x 105 keal/day (ii) 4000 keal/kWh] 
The incremental fuel costs for two generating units 1 and 2 of a power plant are given by the following 
equations : 


where P is in megawatts and F is in rupees per hour. 
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T 


.888825381 


100 200 300 400 500 600 
Field current for excitation, A—> 


Fig. 10.9 


6600 
Phase voltage = — 7“ = 3810 V 


Now, Ey = (V + IR cos 6, + LX sin $4)? + (5X cos $y - IR sin 9]? 
= [(8810 + 67.97 x 1.05 + 85.97 x 5)? + (67.97 x 5 — 85.97 x 1.05]? 
= (4311.2)? + (249.67)? = 4318.4 V 


E, between lines = 4318.4 x V3 = 7480 V 
From saturation curve (Fig. 10.9) excitation required to induce an e.m.f. of 7480 V = 308 A. 
(Ans) 
"Example 10.11. Two identical 3-phase alternators work in parallel and supply a total 
load of 1600 kW at 11000 V at a power factor of 0.92. Each machine supplies half the total power. 
The synchronous reactance of each is 50 Q/ phase and resistance is 2.5 Q/ phase. The field excitation 
of the first machine is adjusted so that armature current is 50 A lagging. Determine the armature 
current of the second alternator, the power factor at which each machine is working and generated 
voltage of the first alternator. 


Solution. Total load supplied = 1600 kW (at 11000 V and 0.92 p.f.) 
Synchronous reactance of each machine/phase = 50 Q 
Resistance/phase = 2.5 Q 
Load current at 0.92 p.f. = 9600x1000 — 5 A 
B x 11000 x 0.92 
cos $ = 0.92, sin $ = 0.392 
Working component = 91.3 x cos = 91.3 x 0.92 = 84 A 

Wattless component = 91.3 x sin ¢ = 91.3 x 0.392 = 35.8 A 
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Each alternator supplies half of each component when conditions are identical as shown in 
current diagram of Fig. 10.10. 
‘Total current supplied per machine = E 45.65 A. 


Since the steam supply of machine 1 is not changed hence the working components of both 
machines would remain the same at 42 A. But the reactive/ wattless components will be redivided 
due to change in excitation. 


Wattless component 
p MA 358A o 271^ 
84A T 368A 
j 
Machine-2 
i ‘Machine-2 
42A 
Machine-1 
e 
Y i 


Fig. 10.10 Fig.10.11 


The total current taken by machine 1 is changed from 45.65 A to 50 A. 
Wattless component for machine 1 


= 50? - 42? =27.1A 
Wattles current delivered by machine 2 
=35.8-27.1=8.7A 
New current diagram is shown in Fig. 10.11. 
(i) New total current for machine-2, 


I, = (42? + (87° = 42.89 A. (Ans) 


Gi) cos ¢, = = 084. (Ans) 
42 
cos ¢) = = 0.979. (Ans) 
(iii) Generated voltage of machine-1 : 
11000 


Terminal voltage/phase = —~ = 6350 V 
cos $, = 0.84, sin 6, = 0.542 
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Refer to Fig. 10.12. 


Fig. 10.12 


Ey = JU cos 6 + IR)? + (V sin $, + DO* 


= (6350 x 0.84 + 50 x 2.5)? + (6350 x 0.542 + 60 x 50)? 
= y(6459)" + (69412)? = 8068.7 V 
Line voltage = /3 x 8068.7 = 13976.4 V. (Ans) 


Example 10.12. A 6600 V, 1200 kVA, 3-phase alternator is delivering full-load at 0.8 p.f. 
lagging. Its reactance is 25% and resistance negligible. By changing the excitation, the e.m.f. 
increased by 30%, at this load. Calculate : 

(i) New current Gi) Power factor. 

The machine is connected to infinite bus-bars. 


Solution. Voltage/phase = E =3810V 


Power factor of load = 0.8 (lag) 
Reactance = 25% 
G) New current : 
1200 x 1000 
Full-load current. ="J5xe500 ^ 105A 
SS10x 35. 
Reactance 7105x10 "9979 


In Fig. 10.13 current vector OI is taken along X-axis. OV represents bus-bar or terminal 
voltage and is hence constant. 
Ip = Active component of current I 
= 105 x 0.8 = 84A 
Iy = Reactive component of current I 
= 105 x 0.6 = 63 A 
VL, = Iy X = 63 x 9.07 = 5714V 
LM, = Ip -X= 84 x 9.0 =761.9V 


E, = OM, = JU + Ix X? + Up -XF 
= 83810+5714? +7619)? =4447V 
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If this higher value of excitation were kept constant and the steam supply gradually increased, 
at what power output would the alternator break from synchronism ? Find also the current and 
power factor to which this maximum load corresponds. State whether this power factor is lagging or 
leading. 


Solution. Let us assume that the alternator is a three-phase one and that the reactance 
given is per phase. Hence reactance between the terminals, 
X= V3 x 10 = 17.329. 
At unity power factor the reactance drop IX = 220 x 17.32 = 3810 V. 
The vector diagram for this condition is shown in Fig. 10.14 (a) and the e.m.f. of the alterna- 


E = \V? + (IX? = {110007 +3810? = 11640 V. 


If the excitation is increased with an unchanged steam supply, i.e. with the same power input, 
the power output will not change. The result is to give the armature current a lagging reactive com- 
ponent which exerts a demagnetising effect on the main field and neutralizes the increase in excita- 
tion, The vector diagram is Fig. 10.14 (b), which shows that the locus of the e.m.f. vector is dotted 
line perpendicular to IX . Ip is the power component of the total current = 220 A as before and I 
is the reactive demagnetising component. 

With the increased excitation the e.m.f. is 

E, = 1.25 E = 1.25 x 11640 = 14550 V 
From Fig. 10.14 (b), we have 


V+ IX = JEP - (gx? 
11000 + IX = 14550" — 38107 = 14040 V 


IX = 14040 — 11000 = 3040 V or Zy = x3 =175.5A 


tor is 
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€ In-phase voltage boost helps little in the transfer of real power as it materialises transfer 
of wattless currents. 

€ The quadrature voltage boost causes the flow of reat power, between stations. This method 
increases the inherent stability and sudden load changes etc. can also be dealt with easily. 


10.4.3. Power Limit of Interconnectors 


Let us assume that the interconnected stations 1 and 2 
are of large capacity (as compared to the loads to be transferred 
between them) and are coupled by an interconnector which has 
reactance only. The maximum power will be transmitted by the 
interconnector when the voltage V, and V, displaced by 90° (see 
Fig. 10.23). Let the station-2 transmit power to station-1. Under 
the conditions of maximum power in the interconnector, current 
I lags the voltage V, by 45°, and leads the voltage V, by 45°, the 
former station being at the sending end and the latter being at 


the receiving end. Fig. 10.23. Condition of 
Synchronous capacity of interconnector maximum power transfer. 
or maximum power transmitted = VI cos 45° 
Jv 41 
=V 
Cd: 
yt 
m — watts 
y" 
vt 
== kW 
1000 


© Synchronous capacity of an interconnector is defined as the change of kW transmitted. 
per radian change of angular displacement of the two voltages of the two stations. 

Example 10.18. Two 3-phase generating stations A and B are linked through a 33 kV 
interconnector having a resistance of 0.84 Qand a reactance of 4.2 Q per phase. At station-A the load 
on the generators is 72 MW at a p.f. of 0.8 lagging and the local load taken by the consumers connected 
to the A bus-bars is 48 MW at a p.f. of 0.707 lagging. d 

Calculate the kW received from station-A by station-B, its p.f. and phase difference between the 
voltages of A and B. 

Solution. Given : Interconnector voltage = 33 kV 


Interconnector impedance = 0.84 + j4.2 
Load on the generator at station-A = 72 MW at 0.8 p.f. lagging 
Load connected to A bus-bars = 48 MW at 0.707 p.f. lagging. 


Refer to Fig. 10.24. 

Let phase voltage at A (- ams 19050 vj be taken as reference phasor, so that 
V, = 19050 (1 +j0) volte. 

Load current on generators at station-A, 

72x10* 


5x33 x10 x08 "197464 


= 1574.6 (0.8 —j0.6) = (1259.7 — j944.8) A 
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Fig. 10.24 


Current due to local load at A, 
48x 10° 
la^ Jexa5x10° xo707 ^ 1878 A 

= 1187.8 (0.707 -j0.707) = (839.8 — j839.8) 

Current transferred through the interconnector, 
Iel, -ly 

= (1259.7 — j944.8) — (839.8 — j839.8) 

= 419.9 -j105 = 432.8 2 -14.04* 
Voltage drop in the interconnector 

= (419.9 — j105X0.84 + j4.2) 

= 352.72 + 1763.58 88.2 + 441 = (793.72 + j 1675.38) V 
Voltage at generating station-B ; 

Va = 19050(1 + j0) — (793.72 + j1675.38) 

= 18256.28 —./1675.38 = 18333 Z — 5.24* 
Phase difference between V; and I 

--1404* -(- 5.24*) = - 8.8* 

ie. 88° with I, lagging Vy 
Power factor of the current received by station B 

= cos 8.8° = 0.988 (lagging). (Ans) 
Power received by station B 

= SV, Iç cos 8.8° = 3 x 18333 x 432.8 x 0.988 x 10-5 MW 

=23.5MW. (Ans) 

Phase angle between voltages of station-A and station-B 

= 5.24° with V, lagging. (Ans.) 

Example 10.19. Two generating stations A and B are linked by an interconnector cable and 
reactor having a combined reactance of 4.8 2 per phase with negligible resistance. Station-A and 
station-B supply in their own areas loads of 12000 RW at a lagging p.f. of 0.8 and 9600 kW at a p.f. of 
0.9 lagging, each at a bus-bar voltage of 11 kV, respectively. The station loads are equalised by the 
flow of power in the interconnector cable. 

Calculate the power factors of the stations. 

Solution. Given : Interconnector reactance = 3.36.2 

Load supplied by station-Ainitsarea = 12000 kW, 0.8 p.f. lagging 

Load supplied by station Binitsarea ^ — = 9600 kW, 0.9 p.f. lagging 

Bus-bar voltage of each station =11kV 
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Booster voltages : 


Refer to Fig. 10.27. RE is any regulating equipment in line Y which can provide in-phase 
and/or quadrature voltage boost required. 


(24+)96)0 


(8«j48)0 
Fig. 10.27 


Total load, P = 10.8 MW 


Power supplied by line X = i P-liio8-36MW 


Power supplied by line Y = H LL 


we 


10.8 =7.2MW 


Voltage at receiving end per phase = mum =19050V (taken as reference vector) 


36x 10° 
Current flowing through lineX — -Iy- Jg% Pm 19i = 6298 40 A 


" á 12x10° E 
CurrntüowingthroughlineY = Iy = J73 z0x] = 126.96 40A 
Impedance drop in line X = IZ, = 62.98(2.4 + j9.6) = 151.15 + j604.61 
Impedance drop in line ¥ = IyZy = 125.968 + j4.8) = 604.61 + j604.61 


- RE (Regulating equipment) must provide [assuming that sending end voltage is kept as 
19050 + (151.15 + j604. 61) = 19201.15 + j604.61 V/phase] : 
(i) In-phase voltage boost = 604.61 — 151.15 = 453.46 V/phase. (Ans) 
(ii) Quadrature voltage boost = 604.61 — 604.61 = 0 V/phase. (Ans.) 
10.4.4. Voltage, Frequency and Load Control 
Voltage Control. The following methods may be used for voltage control : 
1. Injection of reactive power : 
(i) Shunt capacitors and reactors. 
(ii) Series capacitors. 
(iii) Synchronous compensator. 
This is the most fundamental method and is used only when transformers alone will not 
suffice. 
2. Tap changing transformers. This is the most widely used method of voltage control. 
3. Booster transformers. Boosters are oftenly used in distribution feeders when the cost of 
tap-changing transformers becomes excessive. 
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Frequency and Load Control. In an interconnected system where several power stations 


and generators run in parallel, it is imperative that the system frequency remains constant. In 
order to maintain frequency constant, both the governor action as well as supplementary controls 
are required for stable and economic operation. The regulation may be manual or automatic. 

Manual Regulation : In case of a single generator supplying a group of isolated loads, the 
supply frequency can be easily controlled by adjusting the setting of the turbine governor. But if two 
or more generators operate in parallel serving a common load, the frequency control becomes more 
complex/difficult and then the following control methods are employed : 

1. Flat-frequency control. Refer to Fig. 10.28. Two generators X and Y are operating in 
parallel and interconnected by a tie line. Here only one generator (X) is used for maintaining the 
frequency constant ; it absorbs all variations in the system loads while the other generator Y supplies 
constant load. This type of regulation/control is known as flat frequency regulation at station-X. 


Fig. 10.28. Two generators in parallel. 
© The advantage of this method is that the new and more efficient generators can be made 
to carry the base load and less efficient generator(s) can be used for meeting the load varia- 
tions. 

e This method has the main disadvantage that it results in random variations in the line 

powers. 

2. Parallel-frequency control. In this method both generators/stations X and Y are regu- 
lated to maintain constant frequency when the load at X increases the governor characteristics and 
generation at both the stations are adjusted (by the operators) so that the system frequency is 
maintained constant. 

3. Flat tie-line control. In this method of frequency control, station-X is used to control the 
frequency while the station-Y meets all load variations in its own area by varying its generation, 
thus power flow in the tie-line is kept constant irrespective of load demands. 

© This method is used when a small system and a large system are interconnected through 

a tie line ; the large system maintains the system frequency constant while the small 
system keeps the tie-line power constant. This method is not suitable when two or more 
large system are connected. 

4. Tie-line bias control. This is the most widely used method for large inter-connected 
stations. All power systems contribute towards regulation of frequency and tie-line power flow re- 
gardless of where from the frequency variation originates. The control equipment consists of load 
frequency controller and tie-line load recorder-controller. 

Automatic regulation. Since in manual regulation a continuous watch on the frequency 
and loading of various generators is to be kept by the operators, it is not feasible to regulate manually 
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‘Two exactly similar turbo-alternators are rated 20 MW each. They are running in parallel. The speed- 
load characteristics of the driving turbines are such that the frequency of alternator 1 drops uniformly 
from 50 Hz on no-load to 48 Hz on full-load, and that of alternator 2 from 50 Hz to 48.5 Hz. How will the 
two machines share a load of 30 MW ? Ans. 12.8572 MW ; 17.1428 MW) 
‘Two 750 kW alternators operate in parallel. The speed regulation of one set is 100% to 103% from full- 
load to no-load and that of the other is 100% to 104%. How will the two alternators share a load of 1000 
KW and at what load will one machine cease to supply any portion of the load ? 

lAns. 464.3 kW ; 535.7 kW ; 187.5 kW] 
‘Two 50 MVA, 3-phase alternators operate in parallel. The settings of the governors are such that the 
rise in speed from full-load to no-load is 2% in one machine and 3% in the other, the characteristics 
being straight lines in both cases. If each machine is fully loaded when the total load is 100 MW, what 
will be the load on each machine when the total load is reduced 60 MW?  [Ans. 26 MW, 34 MW) 
‘Two 30 MVA, 3-phase alternators operate in parallel. The settings of governors are such that the rise in 
speed from full-load to no-load is one per cent in one machine and two per cent in the other, the charac- 
teristics being straight lines in both cases. If each machine is fully loaded when the total load is 60 MW, 
what will be no load on each machine when the total load is reduced to 40 MW ? 

lAns. 16.7 MW (app.), 23.3 MW (app. 
‘Two identical 2000 kVA alternators operate in parallel. The governor of first machine is such that the 
frequency drops uniformly for 50 Hz on no-load to 48 Hz on full-load. The corresponding uniform speed 
drop of the second machine is 60 to 47.5 Hz. ` 

(i) How will the two machines share a load of 3000 kW ? 
(ii) What is the maximum load at unity p.f. that can be delivered without overloading either machine ? 
IAns. 1333 kW assuming u.p.f. ; 1667 kW assuming u.p.f. ; 3600 kW) 
Interconnected Stations 

‘Two 3-phase generating stations A and B are linked through a 33 kV interconnector having a resistance 
of 0.8 Q and a reactance of 4.0 Q per phase. At station-A the load on the generators is 80 MW at a of 
0.8 lagging and the local load taken by the consumers connected to the A bus-bars is 50 MW at a p.f. of 
0.707 lagging. Calculate the load in kW received from the station-A by station-B, its p.f. and pha 
difference between the voltages of A and B. (Ans. 29.26 MW, 0.977 (lag), 6° 
‘Two generating stations A and B are linked by an interconnector cable and reactor having a combined 
reactance of 4 (à per phase with negligible resistance. Station-A and station-B supply in their own areas 
loads of 10000 kW at a lagging p.f. of 0.8 and 8000 kW at a p.f. of 0.9 lagging, respectively each at a 
bus-bar voltage of 11 kV. The station loads are equalised by the flow of power in the interconnector 
cable. Calculate the power factors of the station A and station B. [Ans. 0.748 (lag) ; 0.9178 (lag)] 
‘Two power stations 1 and 2 operate in parallel and are interconnected by a short transmission line. The 
station capacities are 10 MW and 6 MW respectively and the generating sets have uniform speed regu- 
lation (from no-load to full-load) of 2 percent and 4 percent respectively. When the load of each station 
bus-bar is 6 MW, calculate : 


(i) Load on the interconnector, and 

(ii) Output of each station. (Ans. (i) MW ; (ii) 9.6 MW , 2.4 MW)) 
‘Two 11 kV generating stations 1 and 2 generating 25 MW each at unity p.f. are interconnected by a 
reactor with a voltage drop of 30 percent for transfer rate of 15 MW. The loads connected to the stations 
1 and 2 are 30 MW and 20 MW each at unity p.f. respectively. Calculate the phase angle between the 
bus-bar voltages of the two generating stations. (Ans, 5°44) 
From a sub-station, a load of 9 MW is supplied via two 3-4 transmission circuits X and Y having impedances 
per phase of (2 + j8) ohms and (4 + j4) ohms respectively. In-phase and quadrature boosters are used at 


the sending end of one line to deliver 3 rd and rd of the total power at unity power factor through 


circuits X and Y respectively. Determine the necessary booster voltages. 
[Ans, 314.94 V/phase (in-phase) ; 0 V/phase (quadrature)] 
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The various components are discussed below : 

(i) Generating station (GS). In the generating station electric power is produced by S-phase 
alternators operating in parallel. The normal generation voltage is 11 kV (it may be 6.6 kV or even 
83 kV in some cases). This voltage is stepped upto 132 kV (or more) with the help of 3-phase transform- 
ers. Generally the primary transmission is carried at 66 kV, 132 kV, 220 kV or 400 kV. 

Note. Whereas the use of high voltage leads to several advantages including saving of conductor material and 
high transmission efficiency, on the other hand, introduces insulation problems and increases cost of switchgear and 
transformer equipment. 

(ii) Primary transmission. In this type of transmission, the electric power at 132 kV is sup- 
plied to other system by 3-phase, 3-wire overhead system. 

(iii) Secondary transmission. The primary transmission line terminates at the receiving sta- 
tion (RS) where the voltage is reduced to 33 kV by step-down transformers. From this station, the 
electric power is transmitted at 33 kV to large consumers by 3-phase, 3-wire overhead system, and 
this forms the secondary transmission. 

(iv) Primary distribution. The secondary transmission line terminates at sub-station (SS) where 
voltage is reduced from 33 kV to 11 kV. The 11 kV (3-phase, 3-wire) lines run along the important 
road sides of the city. 

Note. The large/big consumers (having demand more than 60 kW) are normally supplied power at 11 kV 
which they handle it individually with their own sub-stations. 

(v) Secondary distribution. The electric power available at 11 kV from the primary distribu- 
tion line is delivered to distribution substations (DSS) (located near the localities of the consumers) 
which step down the voltage to 400 V, 3-phase, 4-wire secondary distribution. The single phase 
residental lighting load is connected between any phase and neutral (230 V) and 3-phase motor load 
is connected a across 3-phase lines (400 V) directly. 

The seconadary distribution system consists of feeders, distributors and service mains (See 
Fig. 11.2). 

e Feeders. These are line conductors which connect the stations to the areas, to be fed by 
those stations. Normally no tappings are taken from feeders. They are designed mainly 
from point of view of their current carrying capacities. 

e Distributors. These are the conductors from which several tapings for the supply to the 
consumers are taken. They are designed from the point of view of the voltage drops in 
them. 

e Service mains. These are the conductors which connect the consumers terminals to the 
distributor, 


11.3. COMPARISON BETWEEN D.C. ANDA.C. SYSTEMS OF TRANSMISSION AND 
DISTRIBUTION 
D.C. System : 
Advantages. Transmission of electric power by high voltage D.C. systems claim the following 
advantages over high voltage A.C. system : 
1. There is greater power per conductor and simple line construction. 
2. These systems are economical for long distance bulk power transmission by overhead 
lines. 
3. Ground return is possible. 
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4, The voltage regulation problem is much less serious for D.C. since only IR drop is in- 
volved, IX drops is nil. 


There is easy reversibility and controllability of power flow through a D.C. link. 

No inductance, capacitance, phase displacement and surge problem in D.C. transmission. 
There is no skin effect in D.C., X-section of line conductor is, therefore, fully utilized. 

A D.C. line has less corona loss and reduced interference with communication circuits. 
Underground cables can be used because of less potential stress and negligible dielectric 
loss. 

10. No stability problems and synchronizing difficulties. 


LE JE 


11. Since the potential stress on the insulation in case of D.C. system is E times thatin A.C. 


system for same working voltage, therefore, less insulation is required in D.C. system. 


Disadvantages. The high voltage D.C. systems entail the following disadvantages : 
1. The systems are costly since installation of complicated converters and D.C. switch gear 
is expensive. 
2. Converters require considerable reactive power. 
3. Hormonics are generated which require filters. 
4. Converters do not have overload capability. 
5. The D.C. voltage cannot be stepped up for transmission of power at high voltages. 
6. Electric power cannot be generated at high D.C. voltage due to commutator problems. 


A.C. System : , 
These days electrical energy is almost exclusively generated, transmitted and distributed in 


the form of A.C. 


Advantages : 
1. The power can be generated at high voltages. 
2. The sub-stations can be maintained easily and at a lesser cost. 
3. The A.C. voltage can be stepped-up and stepped-down easily and efficiently with the use 
of transformers. 
Disadvantages : 
1. The construction of transmission lines is comparatively difficult. 
The quantity of copper required is more. 
3. In order to provide adequate insulation and to avoid corona loss in case of overhead lines, 
more spacing between the conductors is required. 
The alternators need to be synchronized before they are put in parallel. 
In A.C. system, the resistance of the line is increased due to skin effect. 
6. Since an A.C. line has capacitance, therefore, there is a continuous power loss due to 
charging current even when the line is open. 
© The best method is to employ A.C. system for generation and distribution and D.C. system 
fer transmission. 
© Now-a-days it has become possible to transmit electric power by D.C. system because of 
introduction of mercury are rectifiers and thyratrons, which can convert A.C. into D.C. 
and vice-versa directly and at a reasonable cost. Such devices can handle 30 MW at 400 V. 
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Fig. 11.3 shows a single line diagram of high voltage D.C. (H.V.D.C.) transmission. 


OE Hs 


Fig. 11.3. Line diagram of typical H.V.D.C. transmission system. 
— Generating station generates electric power which is A.C., stepped to high voltage by the 
step-up transformers. 


— This A.C. power at high voltage is fed to the mercury arc rectifiers which convert. A.C. 
into D.C. 


— The transmission of electric power is carried at high D.C. voltage. At the receiving end 
D.C. power is converted to A.C. power using thyratrons. The A.C. supply is then stepped 
down to low voltage for distribution by step-down transformers. 

Classification of Transmission Lines : 


For transmission of electrical power three-phase circuits are generally used becuase of eco- 
nomical reasons. Transmission lines may be classified as follows : 


1. Single line 2. Parallel lines 

3. Radial lines 4. Ring system 

5. Network. 

1. Single line : 

© The simplest form is the single line, such as obtained from a power plant supplying its 
entire output to one load centre over a single-circuit line. 

© Such a system has the disadvantage that in case of damage to the line the service is 
interrupted. 

© Its use is more or less confined to small power systems and is therefore becoming more 


and more uncommon. 


2. Parallel lines 
© Where continuity of service is necessary, it is best to use at least two circuits in parallel, 
placed either on the same supports or on separate supports. 
Separate supports afford greater safety against both lines being damaged at the same 
time, but the cost is much higher than when two circuits are placed on one support. 
e In some cases, where very large quantities of power must bé handled, more than two 
circuits may be run in parallel. 
. Radial lines : 
Invariably a power plant or substation supplies power to the neighbouring territory by 
means of radial lines. 
© These radial lines may be either single circuit for the less important loads or double circuit 
for the more important loads. 


. Ring system : 

For systems covering a large territory the ring system of transmission is very important. 
e With this system the main high-voltage power line makes a closed ring, taps being taken 
off at any advantageous points of the ring, thus supplying a large territory. 
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11.5. SYSTEMS OF POWER TRANSMISSION 


Although 3-phase, 3-wire A.C. system is universally employed for transmission and 3-phase, 
4-wire A.C. system for distribution of electric power, yet under special circumstances other systems 
can also be used. The various systems of power transmission are : 


1. D.C. system : 
© D.C. two-wire. 
(ii) D.C. two-wire with mid-point earthed. 
(iii) D.C. three-wire system. 
2. Single phase A.C. system : 
(i) Single phase two-wire. 
(ii) Single phase two-wire with mid-point earthed. 
Gii) Single phase three-wire. 
3. Two-phase A.C. system : 
(i) Two-phase four-wire. 
(ii) Two-phase three-wire. 
4. Three-phase A.C. system : 
(i) Three-phase 3-wire. 
(ii) Three-phase 4-wire. 

It is quite obvious that, out of such a large number of possible systems of transmission it is 
difficult to decide the best system without making comparison. For various systems of transmission, 
the basis of comparison is usually the cost of the conductor ; the cost depends upon the volume of the 
conductor which should be minimum. In order to compare the volume of copper required for differ- 
ent systems, the following two cases need to be considered : 

(i) Transmission by overhead system : 

In the overhead system of transmission the conductors are insulated from the cross-arms and 
supporting towers. Since the towers and cross-arms are earthed, therefore, the maximum voltage 
between each conductor and earth forms the basis of comparison of volume of conductor. 

(ii) Transmission by underground system : 

In underground system the maximum disruptive stress is between the two conductors (of the. 
cable), so the maximum voltage between conductors forms the basis of comparison. 


11.6. COMPARISON OF VOLUME OF CONDUCTOR MATERIAL 
The comparison of volume of conductor material will be made in the following two cases : 
I. Overhead system. 
II. Underground system. 


For calculating the volume of conductor material required, the following assumptions are 
made for both the above mentioned systems : 


1. In all the cases, same power is transmitted (P watts). 

2. The distance over which the power is to be transmitted is same (/ metres). 

3. In each case, the line loss is same (P,,,, watts). 

4. The maximum voltage between any conductor and earth (V, volts) is same in each case. 
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11.6.1. Overhead System 


L D.C. system: 
1. D.C. two-wire system with one conductor earthed : n 
Fig. 11.4 shows a D.C. two-wire system, with one conductor 
earthed. " 
Maximum voltage between conductors = V,, Volts 
Power to be transmitted M 
P 2 
Load current, hey 
Let R, is the resistance of each line conductor. lI n 
Then, R, = P. where a, is the X-sectional area of the con- Bets 
ductor. 
" 
" P 2P', 
Line losses, Pog = 8 eo (È) E Ci as pee 
" " 2P*pl 4P%pl? 
». Volume of conductor material required = 2.a,! = 2 l= =K 
olume of conductor material req aj (Es Tuam =E ay) 


Usually this system is made as a basis for comparison with other systems. 


2. D.C. two-wire system with mid-point earthed : Refer to Fig. 11.5. 

Maximum voltage between the conductors = 2V,, volts 
P 

Load current, 1, = zy- 


Line losses, P, = 21,2R, 


2 2, 
| Bia Ep POS 
"(mmm Ga 
or, Area of cross-section, a, o =P PL 


^. Volume of conductor material required 
Ppl P? K _ 4P*pl? 
od Fauve 4 ( FRI 


Hence, the volume of conductor material required in this system isone-fourth of that required. 
in two-wire D.C. system with one conductor earthed. 


3. D.C. three-wire system : Refer to Fig. 11.6. 
Maximum voltage between the outer and earth = V, volts 


PB P 
Load current, 1 = 7- = zy- 
m Va 


Fig. 11.5 
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2 
ine losses, Py, = 2l,2Ry = 2 a 

Line losses, Pos, = 21,2R3 = Es } bu 
dy addan s P 

pu 

Assuming area of cross-section of neutral wire as half of any 


outer, 
Volume of conductor material required 


Pu 
225a, 225 Gs j 


= 5{ Pp? | 5 
(gaa) 


Hence, the volume of conductor material required in this system 


is ith of that required in two-wire D.C. system with one conductor 
earthed. 
IL. A.C. system : 
4. A.C. single-phase two-wire system with one conductor earthed : Refer to Fig. 11.7. 


RMS. value of voltage between conductor = Ta volts Lh 


P . XP 
(Vp dosh V, cose 


Gp Y 
Line losses, Fag R= 2( AE as EP 


AP'pl Fig. 11.7 
m COS X Og 
4P*pl 
Ra cos! 
~<. Volume of conductor material required = 2a, 


Load current, 


or, Area of cross-section, a, = 


Hence, volume of conductor material required in this system is 


n times that of two-wire 
D.C. system with one conductor earthed. 


5. A.C. single-phase two-wire system with mid-point earthed : Refer to Fig. 11.8. 
Maximum voltage between the two wires = 2 V,, 


R.M.S. value of voltage between conductors = Ze = J2 V,, volts 
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i 


"Load current, 


Or, ^ Area of cross-section, a, = um. See 


~. Volume of conductor material required 


P 2 . Pip? 
wmode Flag) et 
EM. Ka La 
2cos* > Bai 


Hence, volume of conductor material required in this system is xu times that of two-wire 
D.C. system with one conductor earthed. 
6. A.C. single-phase three-wire system : Refer to Fig. 11.9. 


RMS. value of voltage between outer and earth = kA volts 


Load current, lm El nE, assuming 
Wa! Nosh VAV, cose 


balanced load. 


2 
Line losses, Pigg = 212g = 2 x (s x 
a... 

fm cos OX ag 
or, — Area of cross-section, ag = Ix Fig. 119 


Assuming the area of cross-section of neutral wire to be half that of any of the outers, 
Volume of conductor material required 


PY w 25P*pl? 
nasa [Leser 


AU sant (rx) 
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Hence volume of conductor material required in this system is —5— 7 times that required in 
two-wire D.C. system with one conductor earthed. 
7. A.C. two-phase four-wire system : Refer to Fig. 11.10. 


RMS. value between the outers = 7 ERA b 
Load supplied by each phase -2 
h wth 
P a 
Load current per phase, — help e 
n c8 
Line losses, Poss = 41 PR, ae 
2 
P pl 
=4 LI 
(tas) "m 7 
P% Fig. 11.10 
ECT 
Pol 
x. Area of cross-section, a, = — DLL 
a of cross-section, a, = zc Ty 
~. Volume of conductor material required 
Pol 
nisu T7: P nnd 
2cos*@ RVs  2cos6 


Hence, the volume of conductor material required for this system is 


ig times that re- 


quired in two-wire D.C. system with one conductor earthed. 


8.A.C, two-phase three-wire system : Refer to Fig. 11.11. 
R.MS. value of voltage between outer and neutral, con- 


sidering balance load, = * volts 


Current in each of the outer conductors, 


P/2 P 
h= = 
8° ideae VEV cose 


Current in the neutral wire 


= phasor sum of currents in outer wires Pig. 11.11 


[r2 + 2 = V21, (currents in the outers being 90° apart) 
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R.M.S. value of voltage between outers = E: volt. 


P JP 
Load current, Io 77 aa V M 


" XP Yo 
=212R, = 
Line losses, P, = 212R, ae x 
"m Fig. 1117 
T VE cos} xay 


AP?pl 
, Area of cross-section, a, = 
or, of ion, = FE coat 
z. Volume of conductor material required 


eap ea ( LP) x Ee 2 


FoaVn ens! ym arr rid 


Hence, volume of conductor inaterial required is Fn times that required for two-wire D.C. 
system. 


5. A.C. single-phase, two-wire system with mid-point earthed : Refer to Fig. 11.18 
Maximum value of voltage between outers = V, volts i 


R.M.S. value of voltage between outers = Li volts 


P JAP 
Load current, I= = 
ne S dios Va c08 J 


2 
Line losses, P, = 21,2R, = ( ad x z 


wae ] 


4P* 
„ Area of cross-section, a, = 
T Es Rif 
«<. Volume of conductor material required 


2 
nre) a noa) a 


two-wire D.C. system. 


6. A.C. single phase, three-wire system. Refer to Fig. 11.19. 

Assuming load to be balanced, the system reduces to a single-phase, two-wire A.C. system 
except that a neutral wire is provided additionally. Assuing the cross-sectional area of the neutral 
wire to be half of either of the outers, 
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10. D.C. three-phase, four-wire system. Refer to Fig. 11.23. 


e assuming 
sectional area of the neutral wire to be half that of the line 
conductor, 

Volume of conductor material required = 3.5 ay 


=35 (o 


Pas Vm cos $. 


7 2 PN 175 _ 4P’? 
pip e xus 


1.75 
cos? ¢ 


Hence, volume of conductor material required in this system is 
two-wire D.C. system. 


Summary of Results of Comparison of Various Systems of Transmission 
The summary of results of comparison of various systems of transmission is given below : 


times that required in 


System 
1. D.C. system 
(i) Two-wire 1 1 
Gi) Two-wire with mid-point earthed 0.25 1 
Gii) Three-wire 0.3125 1.25 
2. A.C. single-phase system 
i 2 2 
(i) Two-wire aly p 
05 2 
ii) Two-wire with t earthed 
Gi) Two-wire with mid-point P ah 
a 0625 25 
(ii) Throe-wire lg CN 
3. AC. two-phase system. 
" 05 2 
(i) Two-phase four-wire P z^ 
. 1457 2914 
Gi) Two-phase three-wire aay m. 
4. AC. three-phase system 
- 05 15 
| (@) Three-phase three-wire Shy PT 
" 0583 175 
(ii) Three-phase four-wire P P 
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From this comparison the following points emerge : 

1. From economic point of view (saving in conductor material) D.C. system is ideal for trans- 
mission, particularly when p.f. of the load which is usually less than unity is taken into 
consideration. 

2. Among A.C. systems, 3-phase, 3-wire system is most suitable because of the following 
reasons : 

(i) There is considerable saving in conductor material. 
Gi) It is convenient and efficient. 

Example 11.1. A 3-uire D.C. system is converted to a 3-phase, 4-wire, A.C. system by the 
addition of another wire equal in section to one of the outers. Find the percentage additional load that 
can be supplied for the same effective voltage between outers and neutral at the consumer's terminals 
and the percentage loss. 


Assume that load is balanced and in the A.C. system the p.f. is 0.95. 
Solution. Let, V = Voltage between outer and neutral in both the cases, 
1, = Current in 3-wire D.C. system, and 
I, = Current in 4-wire A.C. system. 


3-wire D.C. system : 

Power suplied, P, s 2VI, 

Power loss, Prog = 212R AR = resistance of each conductor) 

‘%age power loss BE y 100 = OR oni) 
BZA v 

3-phase, 4-wire A.C. system : 

Power supplied, P, = BVI, cos $ = 3VI, x 0.95 = 2.85VI, 

Power loss, Pre = 31 2R 


2 
: „SÊR . IOR T 
age power loss = z Sey ; * 100 = "asy E 


(Since load is balance, therefore the current in the neutral will be zero) 
As percentage loss is same (given), therefore, 
Ed = ‘ORR or 1, =0.951, 
Power supplied in 3-phase, 4-wire system, 
P, = 2.85 V x (0951) = 2.71 VI, 
Hence, percentage increase in load supplied 


= BEA x 100 = EIR AVT 100 = 85.6%. (Ans.) 
1 a 


. Example 11.2. A three-phase, four-wire A.C. system is employed for lighting. Compare the 

amount of copper required with that needed for a two-wire D.C. system with the same lamp voltage. 
Assume balanced load, same losses and neutral having half the cross-section of the respective 

outers. (LU) 
Solution. 2-wire D.C. system: 


Load current, nz T amp. 
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In other words, the variable part of anual 
charge should be equal to the cost of annual losses 
due to energy wasted in the conductor for most eco- 
nomical working. 

The above statement is Kelvin’s law. Although this ` 
law hold true theorectically, but in actual working its 
application involves complicacies/difficulties. 

Fig. 11.28 shows the graphical representation of 
Kelvin's law. The lowest point A on the sum curve (P, + 
Pya + Pya) which coresponds to the point of intersection 


of Pa) and £2 curves gives the most economical conduc- 
torsize, ^ 


Limitations of Kelvin’s law : 
Following are the limitations of Kelvin's law : 

1. It is difficult to estimate the loss of energy in line without actual load curves, which are 
not available at the time of estimation. 

2. The assumption that annual charge is of form (P, + Pa) is strictly speaking not true. For 
example, in underground cables neither the cost of laying the cables nor the cost of cable 
dielectric and sheath vary in this manner. 

3. The Kelvin's law does not take into account factor like mechanical strength, safe current. 
density, corona loss ete 

4. The conductor size determined may be of such a small X-section that it may cause too 
much voltage drops in the line. 

5. Interest and depreciation on the capital outlay cannot be accurately determined. 

Example 11.8. A two-conductor cable one km long, is required to supply a constant load of 
180 A throughout the year. The cost of cable is Rs. (120 a + 60) per metre , where ‘a’ is the area of X- 
section of the conductor in cm?. The cost of enegy is 20 P per kWh and interest and depreciation 
charges amount to 10 per cent. Specific resistivity of copper is 1.84 uQ cm. Find the most economical 
X-section of the cable. 

Solution. Given :1 = 1 km ; 7 = 180 A ; cost of cable per metre length = Rs (120a + 60) ; cost of 
energy = 20 p/kWh ; Interest and depreciation charges = 10% ; p = 1.84 uQ cm. 

Most economical X-section of the cable, a (cm?) : 

Resistance of each conductor, R 

R= Pl „ 184x 10° x (1000 x 100) 0184 ^ 
a a a 


21^ R x 8760 
Enei cost per annum == ——7—-7 
rey cost pei SEN 
= 2x (180)? x0184x8760 _ 104447 |... 
ax 1000 a 


Annual cost due to energy lost = Rs. EX 104447 _ Rg, 208894 


Capital cost (variable) of the cable = Rs. 120a x x 1000 = 120000 a 
Annual charges on account of interest and depreciation on variable cost of cable 


10 
= Be. qoo 20006 = 120004 
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Energy lost per annum 


e" 
= 3x (GLO? x (172 x 105 x 1x 1000 x 100) x 8760 |... 
ax 1000 


= 99221 
a 


‘Annual cost due to energy lost = Re. o, S021 = 


For most economical section of the conductor, 
Variable annual charge = Annual cost of energy lost. 


ie, 8000 at = 392117 
a 


332111 
"oa 


a= 39231 _ 9.204 cm*, (Ans) 
8000 


Example 11.13. Assume the following daily load cycle for a 11 kV, 3-phase line : 
(i) 2.4 MW at unity p.f. for 6 hours, 
(ii) 0.8 MW at 0.8 p.f. (lag) for 6 hours, and 
(iii) 0.4 MW at unity p.f. for 12 hours. 
If the resistance of the line conductor of 1 cm? X-sectional area is 0.19 ohm and energy cost is 
Re 1. per unit, calculate the annual energy lost. LU.) 
Solution. Currents corresponding to loads of different values for given load cycle are : 


24 x 108 
h* fani A 


08x 10° 


h= =525A 
V8 x 11x 10° x08 


ne m asia 
VSxixioxi 
» Energy loss during the period of 24 hours in each line 
= (126)? x 0.19 x 6 (62.5? x 0.19 x 6 + (21)? x 0.19 x 12 
= 18099 + 3142 + 1005 = 22246 Wh = 22.246 kWh per day 
+ Total energy loss annually in all the three conductors 
= 8 x 22.246 x 365 = 24359 kWh/year 
~<. Annual energy cost = Rs, 24359 x 1 = Rs. 24359. (Ans) 
Example 11.14. Determine the most economical size of a 3-phase line which supplies the 
following loads at 10 kV : 
G) 1,000 kW at 0.8 p.f. (lag) for 10 hours, 
(ii) 500 kW at 0.9 p.f. (lag) for 8 hours, and 
(iii) 100 kW at u. p. f. for 6 hours. 
The above gives the daily load cycle. The cost per km of the completely erected line is 
Rs. (8000 a + 1500) where a is the area of X-section of each conductor in cm?. The combined interest 
and depreciation is 10 percent per annum of capital cost. Cost of energy losses is 5 paise per kWh. 
Resistivity of conductor material = 1.72 x 105 Q«cm. (AMIE, Power Systems) 
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Mechanical Design of Overhead Lines 


12.1. Introduction. 12.2. Main component of overhead lines. 12.3. eise Line supports. 


disadvantages of corona— Corona loss and its control Important terms relating to corona. 
Theoretical Questions—Unsolved Examples. 


12.1. INTRODUCTION 


The transmission or distribution of electric power can be carried out by means of overhead 
lines or underground cables. The underground cables are rarely employed for power transmission 
because of the two reasons : (i) Power is generally transmitted over long distances to load centres ; 
Gi) The installation costs are very high. The use of underground system is limited to congested areas 
where safety and good appearance are tbe main consideration. Thus, as a rule, transmission of 
power over long distances is carried out by using overhead lines. 

In this chapter we shall discuss topics relating to mechanical design of overhead lines viz., 
line supports, conductor materials, overhead line insulators, sag etc. 


12.2. MAIN COMPONENT OF OVERHEAD LINES 

The main components of an overhead line are : 

1. Conductors. They carry power from sending end station to receiving end station. 

2. Supports. These may be poles or towers (depending upon the working voltage and the 
region where these are used) and keep the conductors at a suitable level above the ground. 

3. Cross-arms. They provide support to the insulators. 

4. Insulators. They provide insulation to high voltage wire with the metal structure and also 
provide support to the conductor. They also provide support to bus-bar conductors and other live 
high voltage equipment terminals. 

5. Miscellaneous items : 

i) Phase plates (ii) Lightning arrestors 
(iii) Vee guards (iv) Guard wires 
(v) Anticlimbing wires (vi) Fuse and isolating switches etc. 


12.3. CONDUCTORS 
The material of the conductor to be used for transmission and distribution of electric power 
should possess the following: 
i) High electrical conductivity (ie, low resistivity) 
Gi) High tensile strength (to withstand mechanical stress). 
418 
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Table 12.3. Formulae for Stranded Conductor 


1. No. of wires in the centre 1 wire 3 wires 4 wires 
2. No. of wires in the nth layer from the centre 6a 3+6n 4+6n 
3. Total no. of wires in a stranded. 


conductor having n layers. l«3n( n) Ktn? (443a) +n) 
4. Diameter over the nth layer in cm, 
where, d = dia. of each wire in em. «2md | (2.155+2n)d | (2.4144 2n)d 


The stranded conductors are expressed as follows : 7/2.24, 19/2.50, 37/2.06, and so on. 
First number (i.e., 7, 19, 37, etc.) indicates ...... Total no. of wires. 


Second number (i.e., 2.24, 2.50, 2.06, etc.) indicates... Diameter of each wire in mm. Let us 
consider 19/2.50 stranded conductor : 

No. of wires at the centre E 

No. of wires in the first layer -6 

No. of wires in the second layer =12 

Total no. of layer, n-2 

Total no. of wires in the strand =1+3n(1+n) 


=14+3x21+2)=1+18=19 
Overall diameter of the stranded conductor 
= (1+ 2nd = (142% 2) 2.50 
=5 x 2.50 = 12.50 mm 
Fig. 12.2 shows the cross-section of 19/2.50 stranded conductor, Figs. 
12.3 and 12.4 show circular stranded conductors and compact circular 
stranded conductors respectively. The former require more insulating and 
protective materials than those required by the latter. Overall dimensions Fig. 12.2. 19/2.50 


of compacted conductors become less as is evident from the Fig. 12.4. steadied condones 
Fig. 12.3. Circular stranded conductor. Fig. 12.4. Compact circular stranded conductor. 


o Circular stranded conductors are normally used for single-phase system. 
© Compact circular stranded conductors are employed in the manufacture of cables. 
Example 12.1. A 132 kV, 3-phase, 3-wire transmission line transmits over a distance of 144 
km an electric power of 36 MW at a p.f. of 0.8 lagging, with an efficiency of 90%. Calculate the weigh: 
of material required for the following metallic conductors : s 
(© Copper having resistivity of 1.78 x 10* Q-m and specific gravity 8.9, and 
(ii) Aluminium having resistivity of 2.6 x 10 Q-m and specific gravity of 2. 
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4. Synthetic resin : 

* Synthetic insulators contain compounds of silicon, rubber, resin etc. 

* ‘These insulators have high strength and lower weight. Leakage current is higher and 
longevity is low. 

* They are comparatively cheaper. 
These insulators are used in various indoor applications. They are extensively used as 


bushings. 

12.5.3. Types of Insulators 

‘Transmission line insulators may be classified as follows : 

1. Pin type insulators 2. Suspension type insulators 
3. Strain type insulators 4. Shackle insulators. 


1. Pin type insulators. Refer to Fig. 12.9. 


iil) 


i) 22 kV ; (iii) 66 kV. 


e As the name suggests, the pin type insulator is designed to be mounted on a pin which in 
turn is installed on the cross-arm of the pole. The insulator is screwed on the pin and 
electrical conductor is placed in the groove at the top of the insulator and is tied down 
with soft copper or soft aluminium binding wire according to material of the conductor. 

e For low voltages, pin type insulators made ofglass are generally used. Pin type insulators 
made of porcelain are designed for voltages upto about 90 kV but are seldom used on lines 
above 60 kV. 


2. Suspension type insulators : 

e Since the cost of pin type insulator increases rapidly as the working voltage 
therefore, this type of insulator is not economical beyond 33 kV. For voltage 
33 kV, it is a usual practice to use suspension type insulators as shown in Fig. 12.10. 

© The suspension insulator hangs from the cross arm, as opposed to the pin insulator which 
sits on the top of it. The line conductor is attached to its lower end. These insulators 
consists of a number of porcelain discs connected in series by metal links in the form of a 
"string". The number of insulators comprising a string depends upon the following actors : 
(i) Working voltage, (ii) Type of transmission construction, (iii) Size of the insulator used, 
and (iv) Weather conditions. 
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Solution. Let C be the capacitance to ground of 
each unit, then capacitance of the top unit is mC i.e. 10 C 
(where m = 10). 

AtanodeP: — L2l*i, 

VX = VnC « VC. 
X-Cü em) C«mC 
AtanodeQ: 1, =1, +i, 
VY = VX « 2VC 
or, Y=X+2C=C(1+m)+2C 
=(14+2+m)C=(1+2)C+mC 
AtanodeR: I,=1, +i, 
VZ = VY +3VC 
or, Z=Y+3C=(1+2+3+m)C 
2042430 «mC 
AtanodeS: Ig=I, +i 
VU =VZ+4VC 
or, U=Z+4C=(1+2+3+4+m)C 
= (1+ 2+ 34 410 +mC 
and so on, in general, C, = (1+2+3+......+(n—1)C]+mC 

It is given that m = 10 

s X=C+10C=11C; 

Y¥=(1+2)0+10xC=18C; 
Z=(1+2+3)C+10C=16C; 
U=(14+2+3+4)C+10C=20C; 
Wa(1+2+3+445)C+10C=25C. (Ans) 

Example 12.7. In a 6 insulator disc string capacitance between each unit and earth is 1/6 of 
the mutual capacitance. 

( Find the voltage distribution a cross each insulator in the string as Yoage of voltage of the 
conductor to earth. 

(ii) Find string efficiency. How is this efficiency affected by rain ? 

(iii) If the insulators in the string are degigned each to withstand 35 kV maximum (peak), find 
the operating voltage of the line where 5 suspension insulators string can be used. 
Solution. No. of discs = 5 
Mutual capacitance of each unit = C 
Capacitance between each unit and earth = C, 
ot 
C 6, 6 

(i) Voltage distribution across each insulator : 

We know that at any node X in case of a string of insulators, 

Vea =V, + EV, 
ie, Via = Vi + KV, 


K= © C=60, ... Given) 
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(b) Fig. 12.22 shows the arrangement of a string of three insulators using guard ring. 


Fig. 12.22 


Let V,, V, and V, be the voltages across the discs as shown in the figure. 
Applying KCL at node P, we get. 
Ley 2h 


or V,0C + (V, + Vg x 0.05C = VC + 0.2V,0C 
or Va + (Va + V) x 0.05 = V, + 0.2V, 12V, 
or 1.2V, - L05V, - 0.05V, = 0 E 


Applying KCL at node Q, we have 
DET TR 


or Vy@C + 0.05 VC = V,aC + (V, + Vj) x 0.20 
or V; + 0.05V, = V, + (V, + V) x 02 
or 0.2V, + 12V, - 105V, = 0 E 


There are three unknowns and two equations only. Hence we divide both the equations by V, 
and rewrite them as 


1.2x - 1.05y = 0.05 or 12x- 10.5y = 0.5 X1) 
and 0.2x + 1.2y = 1.05 or 2x + 12y 2 10.5 2) 
V v, 
af ait. 
where x ve and y A 
Multiplying eqn. (2) by 6 and subtracting from eqn. (1), we have 
—82.5y = - 62.5 
625 Y, 
285 _ 9757-42 
I eg OT 
and 2x + 12 x 0.757 = 10.5 


D 
z071-- 
? v 
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stress between the conductors. Thus flash-over possibility is reduced and there is an im- 
provement in the system performance. 

2. The effects of transients produced by surges are reduced. 

Disadvantages : 

1. There is a loss of power (more prominent under abnormal weather conditions) which af- 
fects transmission efficiency of the line. | 

2. Due to corona formation ozone gas is produced which chemically reacts with the conductor 
and causes corrosion. 

3. Due to non-sinusoidal corona current there is a non-sinusoidal voltage drop which may 
cause some interference with neighbouring communication circuits due to electromag- 
netic and electrostatic induction. 

4. Due to the distortion of wave form, the harmonics (predominantly 3rd harmonic) are intro- 
duced into the transmission line. These harmonics increase corona loss. 

12.9.5. Corona Loss and its Control 

‘The following points relating to corona loss are important : 

1. Corona loss is a function of frequency ; the higher the frequency of the supply the higher are 

corona losses. Thus D.C. corona loss is less as compared with A.C. corona, 

2. When transmission lines are irregularly spaced, the surface gradients of the conductors 

and hence the corona losses if any are unequal. 

3. Corona loss (a function of air density correction factor) is more on hilly areas than on plain 


areas. 
; 4. Corona loss is increased during bad atmospheric conditions (rains, snow, hailstorm etc. 
due to reduced critical disruptive voltage. 
5. Larger the size of the conductor, lower is the corona loss. 
6. By bundling the conductors the self GMD (Geometric Mean Diameter) of the conductots i 
increased thereby, the critical disruptive voltage is increased and hence corona loss 
7. Because of field uniformity in case of cylindrical conductor, the corona loss 
pared to any other shape. 
8. Flow of load current increases the temperature of conductor. Thus it prevents deposition of 
dew or snow on conductor's surface. This reduces corona loss. 
Control of corona loss : 
Corona loss can be reduced as follows : 
(Ù) By using large diameter conductors (ii) By using hollow conductors ; 
(iii) By using bundled conductors. 4 
Note. A typical transmission line may have a fair weather loss of 1 kW per 3-phase mile and f 
weather loss of 20 kW per 3-phase mile. 


12.9.6. Important Terms Relating to Corona 

1. Critical disruptive voltage : 

Critical disruptive voltage is defined as the voltage at which complete disruption of dielec| 
tric occurs. This voltage corresponds to the gradient at the surface equal to breakdown strength 
air. 


less, as com- 


Consider two parallel conductors, each of radius r cm and separated by distance D cm. If V i 
the phase-neutral potential, then potential gradient at the surface of the conductor is given by, 


— 7 voltsicm 2, 
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ING 


Similarly flux linkages with conductor A due to current Iç flowing in conductor C situated at 
a distance Dic 
atole f dx dii) 
2 Jp, x 
Flux linkages with conductor A due to current Jy flowing in conductor N situated at a dis- 


tance Day 
Dude Code 
e er 
Total flux linkages with conductor A, 


see EE sy PEE E 


13.2.3, Inductance of 2-wire (1-phase) Transmission Line 
Consider a single phase overhead line 
consisting of two parallel conductors A and B, 
each of radius r metres and spaced D metres 
apart (D >>r) as shown in Fig. 13.5. Conductors 
A and B carry the same current (i.e. I, = Ip) in 
magnitude but opposite in direction as one 
forms the return path for the other 
DH 
Total Hox lingue with conduntor A; Fig: 13.5. A -ghane two wire line; 


^4 = Flux linkages with conductor A due it own current + Flux linkages 
with conductor A due to current Ip 


iferan 


Holy (^ dx 
ET": [g = Wb-Tim 


= He 4A 14 1nr~ fy nD] [ET] 


Now,  Iy+[p=0 or -Ig-l, 
-f,Ind=1,InD 
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or, L «107 | 2n (22%). jiT821n (2a) Him (18.18) 


INote. The imaginary part of the flux-linkage or inductance represents exchange of energy between 


phases.) 
Similarly, Ly2107 E +2In ihn, j17321n 


— 


2x) Him, and  ..(13.14) 
‘AB 


Le=107 1, gis {Pea Dac |, j17821n (22) Hm +(18,15) 
IB r Dac 
Inductance of each line conductor 
=i dat ln tle) 
=107 B 21n (Eee) H/m (18.16) 
r 


Fa after substitution and simplification. 

If the formula of inductance of an unsymmetrically spaced transposed line is composed with 
that of symmetrically placed line, we find that inductance of each line conductor in the two cases will 
be equal if D = {Dag Dac Dc, . The distance D is known as equivalent equilateral spacing for 
unsymmetrically transposed line. 

Note. Normally, modern power lines are not transposed. The transposition, however, may be affected in 
the intermediate switching station. It is to be noted that the difference in the inductances of the three phases is 
negligibly small due to asymmetrical spacing and the inductance of the untransposed line is taken equal to the 
average value of the inductance of one phase of the same line correctly transposed. 

18.2.5, Self-GMD and Mutual-GMD 

‘The inductance calculations relating to multiconductor arrangements can be amply simpli- 
fied by the use of self geometrical mean distance (self-GMD) and mutual geometrical mean distance 
(mutual-GMD). Self-GMD and mutual-GMD are generally represented by the symbols D, and D, 
respectively, and are duscussed below : 

i) Self-GMD (D,). It is also sometimes called “Geometrical mean radius (GMR)". 

Inductance per conductor per metre length is given by, 


L=2x107 G E 2 nf Eqn. (18/7] 


) N 


In the above expression the term [2x10 x(2)] is the inductance due to flux within the 


or, L= (: x107x BE (2 «1077 In 


solid conductor. The concept of self-GMD or GMR is introduced to eliminate this term for several 
purposes. It can be proved mathematically that for a solid round conductor of radius, the self-GMD 
or GMR = 0.7788r. Using self-GMD the eqn. (i) reduces to : 
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= (180 x 210 x 150 x 180)“ = 178.7 cm 
Self-GMD, D, = (Dya x Du X Dy x Dy, 


Here D,, = Derg: = 0.7188r = 0.7788 x E: =0.7em 


Lexi In (Z7) 2 1.465 10° Hem 
458 


= 1.465 mH/km. (Ans) 


Example 13.6. Fig. 13.19, shows the arrangement of a double-circuit single-phase line. Con- 
ductors a, a'form one connection and conductors b, b' form return connection. The distance between 
a and a'is 80 cm and between a and b is 160 cm. If the diameter of each conductor is 2.2 cm determine 
the total inductance per hm of the line. 


I—— — — — 160 em — ——^»| 
ai 


T e 


Fig. 13.13 


Solution. The conductor radius, r= 22 = 1.1 em 
GMR of conductor = 0.7788r = 0.7788 x 1.1 = 0.8567 cm 
Self-GMD of aa’ combination, D, = (Dy, x Dag’ X Dy: X Dara“ 
= (0.8567 x 80 x 0.8567 x 80)! = 8.279 cm 
Ce Dum Dya’ = 0.8567 cm ; Dy = 


Mutual-GMD between a and b, 
D, = Da X Day X Dy X Dy) 
Here D,, = 160 cm ; Day = 160 cm 


Day = Dy = (160) + (807 = 178.88 em 


D,, = (160 x 178.88 x 178.88 x 160)“ = 169.18 cm. 
Loop inductance = 4x 10-7 In 2a. Him 
» 


-eaens( 
Loop inductance per km = 12.07 x 107 x 10° = 1.207 mH/km. (Ans) 


16918 
21207 x 107 
8279 ) His 
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Further, more the number of conductors in a bundle, the more is the self-GMD. Because of 
increased GMD line inductance is reduced considerably which results in increased transmission 
capacity of the line. 
The use of bundle conductors entails the following “advantages : 
(i) Reduced surge impedance. 
(ii) Reduced reactance. 
(iii) Reduced voltage gradient. 
(iv) Reduced corona loss. 
(v) Reduced radio interference. 
© The basic difference between a "bundled conductor" and a "composite conductor” is that 
the sub-conductors of a bundled conductor are separated from each other by a distance of 
almost 30 cm or more whereas the wires of a composite conductor touch each other. 
(b) Refer to Fig. 13.20. 


Dy, 2 Da, = Djs = Dy = (6) + 0.57 = 8826 m 
Dy 7 Du 7 V6? «(459 = 75m 


Mutual-GMD between sides A and B, 
Dy = (D, x Dy) (Dog x Dog) Dyg x Dy) 


= (38.25 x 7.5) (438.25 x 438.25) (7.5 x /38.26)]/* 


= (88.25? x (7.5¥)"* = 6.595 m 
The self-GMD for side A, 

D, = Dy x Dj Dy) D; x Dj x Da) Dg; x Dy, x Dy 
Here, Dy = Dy = Dy, = 0.7788 x 2.4 x 107 = 0.001869 m 


Substituting the values, we get 
l4 = 10.001869 x 3 x 6X3 x 0.001869 x 3X6 x 3 x 0.001869) 
= (0.001869) (3) (69 = 0.2989 m 
Similarly, D, = UD, x Di Dg, x DIA 
where, Dy, = Dys = 0.7788 x 4.8 x 1033 = 0,003738 m 
Substituting the values, we get 
Mg = [(0.003738 x 3) (3 x 0.003738)]* 
= [(0.003738¥ (39^ = 0.1059 m 


D, 
Inductance, L, = 2 x 107 In (2) 


-2x10 in (S235) v 6.188 «107 tum = 0.6188 nn 
Da 
Inductance, Ly = 2 x 10 In | 5 
" (ime .595 r 
=2x 1071n (p ogg) = 9263 x 107 H/m = 0.8263 mH/km 


Inductance of complete line 
L =L, + Lp = 0.6188 + 0.8263 = 1.4451 mH/km. (Ans.) 
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(a) Cross-section of ACSR conductor. (b) Line consisting of two ACSR conductors. 


Fig. 13.24 
Dy, 27 =0.7788r ; Diy = Dyg = 2r ; Dyg = Dy 


= VDF - Dy? = fans ar? = odor 

Dy=4r 

D, = (Dyy x Dj x Dy x D, x Dy x DV8 
= (0.77887 x 2r x 248r x 4r x 2/8r x 2r)5 = 2.304r 
*D42D, D, =D, 2D, 

D, 2D, x Dy * Ds x Dy + Da x Dyg)™® = ((2.304r)9]® 
= 2.304r = 2.304 x 0.0084 = 0.01935 m 

GMD, D,, = 1m (Since D >> r) 
The inductance of each conductor, 


D, 
12x11 (2a) 


1 
22x107ln (asia) = 7.89 x 10-7 H/m or 0.789 mH/km. 
Loop inductance = 2L = 2 x 0.789 = 1.578 mH/km 
or, Loop reactance = 2x x 50 x 1.578 x 10% = 0.495 O/km. (Ans) 


13.3. RESISTANCE OF A TRANSMISSION LINE 

The resistance of transmission line conductors is the main source of line power loss (although 
the contribution of line resistance of series line impedance can be neglected in most cases). Thus, 
while considering the transmission line economy, the presence of line resistance must be taken into 
consideration. 


Average power loss h, conductor (in watts) 95 


«(13.17) 


The effective AC resistance, R = 


where, I = R.m.s. current in the conductor, amperes 
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= zl. (Qin - Inr) + Qj (In =~ In Dj + Qc (In « In D 


Qy (In « -In Day) 


[ -In@)=In yt «In Gà 


Qy - 0, we have 


u-—À D PR 3E. S 

Vitis [ex m(ż)+es a(i he a(z) E Qw a(z J (13.21) 
18.5.3. Capacitance of a Single-phase Two-wire Overhead Transmission Line 
Consider a single-phase overhead transmission line 

with two parallel conductors A and B, each of radius r 

metres placed at a distance D metres in air (D >> r). Let 

Q, and Q, coulombs per metre length be their respective 

charges. 


Assuming balanced conditions że., Q4 + Qg + Qc + 


Potential of conductor A, 
nee 
x Kin æ- In P) - (In ~= In DJ] 
Mee ere 


Similarly, potential of conductors B, 


(18.22) 
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Similarly, Vs==—1Q5 In E je In (zz Ju Qan 5 > J i) 
= Dag 


and, verge en jean EA Les (:) „(iii 


Substituting Qo =- (Q4 + Qp) in (i) and (ii), we get 


vz fen (Jre m( pi} ren a z] 


mes) (ne di 
ind, "a [eem(2)- €, «e. 2) +24 0 =) 
-x le (Bae) sem J bs 
nicer T ine a), d 
(ejes [Pee eua) ] n 
ES pn pal eho rs 
] 


uiii) 
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= = I-In (r) + In (D) + In (2h) - In (Jah? + D3)1 


V= ———ln volts 
un tu 


Potential difference between the conductors A and B, 


Va = VA- Vg zn ND | -Q,|. 5 
ABT AT 57 tus "|, fate D] 3m |r Jan? + D? 


2hD - 


Va & 

^ Rd 
29 kD. ME E 
neo  |rx2h 1+ (Dh? | Fto 


Capacitance between conductors A and B, 


2 volts 
ris Dah) 


C= £ F/m line-to-line 
wo 2 ln 2 
Reo |r y1+(D*/4h?) rir DARD 
. (1335) 
F/m to neutral (13.352) 


ETT TTE 


“ From eqn. [13.35 (a)) it may be observed that the presence of earth modifies radius r to 


r FIT . Since normally A is large compared to D, the effect of earth on line capacitance is 
negligible. 


A similar treatment can be adopted for 3-phase transmission lines. 
Example 13.18. A single-phase overhead transmission line consists of two parallel straight 


conductors spaced 2.5 metres apart. The radius of each conductor is 1.2 cm. Calculate the capaci- 
tance of the line per km. Given that t = 8.854 x 10-1? Fim. 


Solution. Given: r= 12cm 20.012m; D -250cm;£,- 8.854 x 10-1? F/m 


r 


Capacitance of the line, C = 79-5 F/m wfEqn. (13.23)] 
es 


„a 58854x 1077 


" (sois) 


25.21 x 10? F/km = 0.00521y F/m. (Ans) 


=5.21 x 10”? F/m 
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Example 13.25. Derive an expression for the charge (complex) value per metre length of con- 
ductor of an untransposed three phase line shown in Fig. 13.40. The applied voltage is balanced three 
phase, 50 Hz. Take the voltage of phase-a as reference phasor. All conductors have the same radii. 
‘Also find the charging current of phase-a. Neglect the effect of ground. 


k— o —he—o —_-—_4] 
Se 
Fig. 13.40 

Solution. Let Q,, Q, and Q, coulombs per metre be charges on the respective conductors a, b 
and c (due to the applied balanced voltage on each conductor). 

The potential of conductor a is equal to work done to bring a unit charge from infinity to the 
surface of the conductor, but as the unit charge is brought from infinity the work will have to be dong 
against the electrostatic forces due to charges Q, and Q, on conductors b and c respectively. 

The work done to bring the unit charge from infinity to the surface of conductor a (at that 
instant the distances of the unit Pru from b and c are D and 2D) 


E M n de 
kerra 


or, viri [ee =+ Q toe, = + Qs toe, =] 


= gaz AI) Qu In (D) -Qs In D) In (Q, +Q + QUI 
Since, Q; +Q + Qs =0, 


Y= ze [eni eni en] 
Similarly, VE zu [enel +Qln zz] 
ind; [eme «en 
Putting Q, =- (Q, + Q,), we have 
maleren aona] 


zz [eni eni-enl-enj ] 


ocala sfutice2) 
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(ii) Unsymmetrical spacing (Transposed conductors) : 


L,= 107 [jean (Baron. (ae 
Ls 10*| fue eZ), xa (2) J»- 
T Das 


tor een (Be Pex Poe Jove (22 Je 


Inductance of each line conductor = LA * 1g lc 


Self-GMD or GMR = 0.7788 r. 
Mutual-GMD represents the equivalent geometrical spacing. 
The tendency of alternating current to concentrate near the surface of a conductor is known as skin 
effect. 
€. The alternating magnetic flux in a conductor caused by the current flowing in a neighbouring conductor 
gives rise to circulating current which causes an apparent increase in the resistance of a conductor. This 
phenomenon is called proximity effect. 
Important formulate for “capacitance” : 
MK Guam omen cece 
C= Fim 
me 
[A DA Fim 
uc 


(ii) Capacitance of a 3-phase line : 


(a) Symmetrical spacing : 
2 
^. C=C) 
T 


(b) Unsymmetrical spacing with transposed conductors : 
C= EC, =C) 


In| Paa DaDa T 


r 
Gii) Effect of earth on the capacitance of single-phase transmission lines : 


LET 


7. 


Fim line-to-line 


In 
rica 


C, = 2C,, Fim to neutral 
where, D - Distance between the conductors, and 
h = Height of the conductor above the ground. 
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144.3. Effectof Load Power Factor on Efficiency and Regulation of a Transmission 
Line 
Effect of load power factor on efficiency of the line : 
When given power at a given voltage is delivered to the consumer, the line current is in- 


versely proportional to the power factor of the load (P = Val cos $ or! = Xin for a single-phase 
(TIAM 


$; 


line, orl = an for a 3-phase line). Thus, the current and hence power loss in the line goes on 
" 


Vg 
increasing as the power factor goes or decreasing. Hence the "efficiency" of the line decreases with the 
fall in power factor and vice versa. 


Effect of load power factor on regulation of the short-line : 
% Regulation = E x 100 
R 


where V; and V, are the magnitudes of the no-load and full-load receiving end voltages respectively, 
at a specified power factor (In a short line V, is equal to the no-load receiving end voltage). 


or, 96 Regulation = 0089p + IX sin on, NT] 
R 
In the above equation $g has been considered + ve for lagging load. It will be — ve for leading 


7 
a 

Voltage regulation becomes negative i.e. load voltage is more than no-load voltage when in 
equation (ii) 


% Regulation = “os ¢x— IX sin op x 100 


X sin bp » R cos by or tan gy (leading) > = 
From eqn. (ii) it follows that for zero voltage regulation, 


tangas Æ = cot 


ie $r (leading) = > -e ii) 
where @ is the angle of the transmission line 
impedance. This is, however, an approximate 
condition. The exact condition for zero regula- 
tion is determined as follows : 

‘The phasor diagram under conditions of 
zero voltage regulation is shown in Fig. 14.5. 


Here, V5=Vp 
OC =0A 
i AD _ ACR _ UZP) 
sin ZAOD = OA OA 7 EX 
ZAOD = sint (#) Fig. 14.5. Phasor diagram for zero 
N p regulation condition. 
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Length of the line, 1: " 
P 16000. 

HT -—- - 8748 
Ladera. Ie yoa diximxos 50454 
Line losses = 3/°R = 8.5% of 16000 = 1360 kW 

1360 x 1000 


or, R= 3xie7aa " 59240 


Length of line, J = E -494km. (Ans) 


Example 14.6. A short 3-phase transmission line connected to a 33 kV, 50 Hz, generating 
station at the sending end is required to supply a load of 10 MW at 0.8 lagging power factor at 30 kV 
at the receiving end. If the minimum transmission efficiency is limited to 96 percent determine the per 
phase values of resistance and inductance of the line. (AMIE) 

Solution. Given : Va, = 33 kV ; f = 50 Hz ; P = 10 MW = 10000 kW ; cos 4, = 0.8 lagging 
Vpr = 30 KV ; n, = 96%. 

R, L per phase : 

Phase voltage at the receiving end, Vp = ae = 17320V 
aË 10000 x 1000 

3Vp 608 Gy | 3x 17320 x08 


Power delivered _ 10000 
0. 


Line current, I = 240.57 A 


Power sent out = = 104.17 kW 


2 
Line losses = SIR ~ 10417 — 10000 = 417 kW 
1000 


417 x 1000 
"gxgaosr! "S4f/phase. (Ans) 


Voz, „ 33000 
Phase voltage at the sendi V=% = = 
voltage at the sending end, Vg 4 TB 719052 
Also, Vs = Va + IR cos $n * 1 X sin ẹp (app.) 
or, 19052 = 17320 + 240.57 x 2.4 x 0.8 + 240.57 x X x 0.6 = 17781.9 + 144.3X 


19052 - 177819 
X= 19052-17819 _ 8 8 Oph 
1 phase 


88 
L= sp 7 0-028 Hiphase. (Ans) 

Example 14.7. A 3-phase overhead line delivers 4200 kW at a power factor of 0.8 lagging to a 
load. If the sending end voltage is 33 kV, and resistance and reactance of each conductor are 4.5 Qand 
5.6 Q respectively, determine : 

(i) The receiving end line voltage. 

(ii) Line current. 

(iii) Transmission efficiency. 

Solution. Given : P = 4200 kW ; cos 6, = 0.8 lagging ; Va; = 33 kV; R= 4.59;X=5.6Q per 
conductor. 

© Receiving end line voltage, Vpr 


‘ 


Sending end voltage/phase V, = i -19052 V 
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= 127 + 1073(5248.6 + j16402 — j3254 + 10168.8] 
= 127 + 10 (15417 + 13148) = (142.42 + j13.15)kV 


Charging current, Ig = jYV' =j0.001(142.42 + j13.15) x 103 A. 
= (7142.42 - 13.15) A 
i) Sending end current, Ig : 


In + Ip = (262.43 — j162.7) + (142.42 — 13.15) 


249.28 — j20.28) = 250 Z- 4.65* 
(ii) Sending end line voltage, V; 


h=V 


2 
ant 
+152 
= (142.42 + j13.15) + (249.28. jose (91228) 


= (142.42 + j13.15) + (249.28 — j20.28)(20 + j62.5) x 10-3 kV 
= (142.42 + 13.15) + 10° 4985.6 + 15580 — j405.6 + 1267.5) 


535 


= (142.42 + j13.15) + 10-6253 + j15174) = (148.67 + j28.32) kV 


= 151.34 210.78" kV 
Vez = V3 x 151.34 = 262.13 kV. (Ans.) 
ii Sending end power factor, cos 6, 
cos $5 = cos [10.78* — (- 465°)] = cos 15.43* = 0,964. (An 
(iv) Transmission efficiency, ny 

Receiving end power — 100x 10° (kW) 
Nr = "Sending end power ` 3Vg Ig cos $s (kW) 
z 100 x 10° 
3x 15134 x 250 x 0.964 
(v) Percentage regulation : 


v, Vg (- jlo) = 15134 (- j10°) _ 16134 (- j10°) 
70" Rj2+ j X/2— jhoC 20+ j625- jio  20-j 9375 


Percentage regulation = Um: x100- mom x100 = 27.08%. (Ans. 
a 


=0.914 or 9149. (Ans) 


= 161.39 kV 


(vi) Surge impedance of the line, Z urge : 


Surge impedance of a line is defined as the square root of Z/Y i.e. Zyurgy = z 
where, Z = Series impedance (= R + jX), and 
Y = Shunt admittance. 


Ro. jus _ [40+ [25x L figo 0125) 
LN 70001 105(j0.04 — 0.125) 


j0001x jo 901 


= 10° (01125 — j0.04) = 131.24 a (Ans) 
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50x 10° 


Receiving end current = = 
TR N = rdi0x100)x08 ^ 
Phase voltage at the receiving end, Vac Uy m6851 kV 


cos $p = 0.8, sin $p 2 0.6 
Taking phase voltage at the receiving end as the reference phasor, we have 
Vg = 63.51(1 + jOkV 


Ig = Ig (cos op -j sin $4) = 328(0.8 — 0.6) = (262.4 — 196.8) A 
Tea=3¥ i=} x (4.5 x 105) x 63.5101 + jO) x 10? = j14.3 A 
Line current, i, = Ip + Ig = (262.4 — 196.8) + j14.3 = (262.4 — 182.5) 
= 819.62 2 — 34.8* A 
Impedance drop in line = J, Z «(2624 — 182.515 +75) 
= (3936 + j19680 — j2738 + 13688) Q 
= (17624 + j16942) V 
(i) Sending end line voltage, Vg, : 
Sending end phase voltage, V; = Vp + IjZ 
= 63.51 + (17624 + j16942) x 10? kV 


= 63.51 + (17.62 + j 16.94) = (81.13 + j 16.94) kV 
= 82.88 211.8°A 


Vor = V3 x 82.88 Z11.8 = 143.55 211.8" kV. (Ans) 
(ii) Sending end current Ig : 
1797, = dias x 104X81.13 + 16.94) x 108 
= (18.25 -3.81)A 
I, + Ics = (262.4 — j182.5) + (718.25 - 3.81) 
= (258.59 — 164.25) A = 306.3 Z -32.4*.. (Ans.) 


(iii) Sending end power Factor, cos $, : 
cos[11.8* — (— 32.4°)] = cos 44.2° = 0.717 (lag). (Ans.) 


lags 


I; 


Gv) Percentage regulation : 
Vs C 2joC) 
Vro= ates ile „Eqn. (14.21) 


8288 [-2jK4.5x 10%) _ 8288(- 4444.4) 
m EELDASIN  BESEC AMAT 
15+ j75-(2j(45x10 9] 15+ j75— j44444 
8288 (- j4444.4) 

15- j43694 


=84.3kV 


Percentage regulation = T x100= 43-6351, 100 -a97 (Ans) 
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Comparing (i) with (xiv) and (i) with (zv), we get 


Aspais i 04.33) 


2 

Als,  AD-BC= (+272) -2¥(1+172) 

DdP'Z.yz-vyz2iP 21. 

Example 14.15. Using nominal -T method find the A, B, C, D parameters of a 3-phase 80 km, 
50 Hz transmission line with series inductance of 0.15 + j0.78 ohm per km and a shunt admittance of 
5 x 105 mho per km. 

Solution. Given : Total series impedance, Z = (0.15 + j0.78) x 80 = (12 + j62.4) Q 

Total shunt admittance, 7 =j5 x 10° x 80 = (4x 104) U 

For nominal-T method, various constants have the following values : 


z } v å 
aene i, FE ,, 6x10 202: 620 


= 10e 


490048 009406 9048 002198 = 1 +j 0.0024 — 0.0125 = 0.9875 + j 0.0024. (Ans) 


p pct 
B= zi. £2)-as. jo [1 Lex ase ee] 


=(12+j ee j quem ms 


= (12 + j 62.4X1 + j 0.0012 — 0.00624) = (12 + j 62.4X0.9938 + j 0.0012) 
= 11.9256 + j 0.0144 + j 62.013 — 0.0749 = (11.851 + j 62.027) Q. (Ans.) 


C=¥ =j(4x« 10“) =7 0.0004 U. (Ans) 

Example 14.16. A 3-phase overhead transmission live delivers a load of 80 MW at 0.8 p.f. 
lagging and 220 kV between the lines. Its total series impedance per phase and total shunt admittance 
per phase are 200 280° ohms and 0.0013 290° mho per phase respectively. Using nominal-T method 
determine the following : 


(Ù) A, B, C, D constants of the line, (ii) Sending end voltage, 
(iii) Sending end current, (iv) Sending end power factor, and. 
(v) Transmission efficiency of the line. (Agra University) 


Solution. Given : Load delivered = 80 MW at 0.8 p.f. lagging 


Recievingend phase voltage, Vp = E =127kV 


Total series impedance/phase, Z = 200 280°Q 


Total shunt admittance/phase, F = 0.0013 290° U 
@ A,B, C and D constants of the line: 


Receiving end current = 80x 10° =262.43 A 
JE x220x1000x08 
cos-1(0.8) = 36.87° (lag) 
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The following points are worth noting : 

© The line constants namely resistance, inductive reactance, capacitive susceptance and 
conductance are uniformly distributed over the entire line length. 

© The resistance (R) and inductive reactance (X) are the series elements. 

* The capacitive susceptance (B) and leakage conductance (G) are shunt elements. G takes 
into account the energy losses occurring through leakage over insulators or due to corona 
effect between conductors (Admittance, Y = JG? + B? ). 


* The leakage current through the shunt admittance is maximum at the sending end of the 
line and decreases continuously as we approach the receiving end of the line, at which 
point its value becomes zero. 

14.7.2. Analysis of Long Transmission Line-Rigorous Method 


Fig. 14.22 shows one phase and the neutral return (of zero impedance) of a transmission line. 
Let dx be the an elemental section of the line at a distance x from the receiving end. 


Idr | G&£ oy r 


Fig. 14.22. Schematic diagram of a long line. 
Let, z = Series impedance of the line per unit length (= r + jx, where r and x are respec- 
tively resistance and reactance of the line per unit length) 
y = Shunt admittance of the line per unit length, 
V = Voltage per phase at the end of elements towards receiving end, 
V + dV = Voltage per phase at the end of element towards sending end, 
1+ dI = Current entering the element dz, 
I = Current leaving the element dz, 
Vs, Va = Voltages per phase at the sending and receving ends respectively, and 
I; Ip = Currents per phase at the sending and receiving end respectively, 
Then for the small element dx, 
zdz = Series impedance, and 
ydx = Shunt admittance. 
Obviously, the rise in voltage over the element length in direction of increasing x, 
dV » 12dx 


dV 
or, wk : (14.34) 


Similarly, the difference of current entering the element and that of leaving the element 
lie, Q « dD- 0) 2 dD, 
di = V ydx 
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Fig. 14.23. Transmission line with series impedance at the receiving end. 
‘Then, phase voltage at the end of transmission line, 
=Vp +InZee 3 d) 
Vá + Bly = A(Vp + IpZ,-)+ Blg 
= AVg + (AZ, + Bp 
and, Is =CVg + Dip 
Substituting the values of V; from (i), we get 
Ig - C(Vg + IpZ,) + DIg = CVg + (CZ, + DI is 
Comparing with the general voltage and current équations of the tranamission line, we have 
Ag=A;By=AZ,, +B 
Cy=C;D,=CZ, «D | 
14.7.6. Transmission Line with Series Impedance at the Sending End 


Fig. 14.24 shows a transmission line with a series impedance Z,, at the sending end. I, is the 
sending end current ; this current also passes through Z,,. If A, B, C'and D are the auxiliary con- 
stants of the transmission line, V, and Vg are the phase voltages at the load and supply end respec- 
tively, Ip is the load current and V; is the phase voltage at the starting end of the line, then 


D Ah 


and, 


(14.55) 


Fig. 14.24. Transmission line with series impedance at the sending end. 
Vg=AVp + Bl 
and, Ig 2 CVg + Dip 
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Comparing (ii) and (i) with general expressions for voltage and current of transmission line, 
we have 


AsD=1+ i Z (ii) 
B=Z+ ir z ET (04.59) 
c-Y E 
From (iii) and (iv), we get 
f-c oi) [14.590] 
dá, z= 24» (oii) 


14.7.10. Equivalent x-Network of a Long Transmission Line 


Sometimes the equivalent x-network of a long transmission line is required to be determined 
to represent the line accurately by assuming suitable values of lumped constants. Let the transmis- 
sion line having auxiliary constantsA, B, C and D be represented by x-network shown in the Fig. 14.28. 

Now, we have 


at Z = Vy (In +27 Va)Z «(1437 Z V. + Ig ED) 
de. 


M b tc Speen: patties C EE 
and lehren +27 (14172 4T, 


lg.lg,.lpgnlg iş 
-(Er-ir-irz s (iir 


"(reza (iy 
4 2 


E 
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The circle drawn with receiving end true and reactive power as the horizontal and vertical 
coordinates is called the "Receiving end power circle diagram". 

* In order to determine the ‘maximum power’ draw a horizontal line from the centre of the 
circle intersecting vertical axis at the point L and the circle at the point S. Then the 
distance LS represents the maximum power for the receiving end. 

(b) Sending end power circle diagram. The circle drawn with sending end true and reac- 
tive power as the horizontal and vertical coordinates is known as the sending end power circle dia- 
gram. 

The data required for drawing the sending end power circle diagram is determined [as dis- 
cussed earlier in (a)] as follows : 

Substituting, Ts =Ip-ilgy 

D =D4=Dcos5+jDsin 8, and 
B - B4 =B cos B + jB sin B 
in the expression for Vp, get 
Vr = Vs (D cos 8 + jD sin 8) - Up -~ jIq) (B cos B + JB sin B) 
= (Vs D cos 8- I, B cos  -[oB sin B) +j (V5 D sin 8—1,B sin B + I B cos f) 
or, Vg? = (V D cos 5 IpB cos B — Ig B sin B} + (V;D sin 8 Ip B sin B + Iq B cos B)? 
‘The above equation is a equation ofa circle and can be reduced to the form 
[^5 Vs(Dcos 8. Bcos 8+ Dain 8. EE  Vs(Deos 8. Boos B + Dsin 8. d 
e B x 


B 
(3) 
B 
Multiplying both sides by V,2, we get 


2p ^ 2 2 
[ev r ANB sB- a| + [rvs = Ye? sin $- af =. (5) 
Theco-ordinates of the centre of the circle and radius of the circle given by the above equation 


Horizontal (X) = D vg? cos (9 - 8) 
p Co-ordinates of the centre of the circle 
Vertical (Y) = 5 Va” sin @-8) 

NES 

The sending end power circle diagram is shown in Fig. 14.30, L'S' represents the maximum 
power for sending end. 

(c) Universal power circle diagram. In receiving end power circle diagram, if Vp is kept 
constant, the centre of the circles is fixed and if different sending end voltages circles are drawn, 
these will be concentric ; however if V, is not constant, these circle will not be concentric. Similarly, 
if Vis not constant, the centre of the sending ending power circle diagram will vary. This limitation 
is overcome by drawing the 'universal power circle 


© In “universal power circle diagram" each distance on the original diagram is divided by 


V. where Vis the “reference or base voltage” and B is the generalised constant. This gives 
limensionless units. 
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Solution. Given : Vg, = 220 kV ; Vaz = 240 kV; A = D = 0.99 + j 0.0132; 
B= (24.75 +j 165)Q; C = C O.080044 + 0.0011; Torque angle, 8 = 30°. 
Active and reactive power 
Line constants : A ID = 099 + 0.0132 = 090 £0.76" 

B 2 24.15 + j165 = 166.85 281.47° 

A2 0.99, a = 0.76* ; B = 166.85 ; B = 81.47°. 
Fut reesi(ing end pews circle di giam 


Radius of circle = Vac, = 20% 200 «516.45 MVA 


Coordinates of the centre of the power circle are : 
cc 
Horizontal coordinate = Af. ce (8-0) 
= 2099x (220° 
16685 
; m 
Vertical coordinate — CE sin (Ba) 


Ng sin (81.47* — 0.76*) = — 283.4 MVAR 
Using scale : 1 cm = 40 MW (horizontally), 
1 em = 40 MVAR (vertically) ; 


Radius of the circle E 279cm, 


cos (81.47* — 0.76")  — 46.36 MW 


Horizontal coordinate i =~ 1.16 em, and 


Vertical coordinate -i tem. 
Draw the circle diagram as shown in Fig. 14.36. 
Y 
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Using scale : 1 cm = 0.2 p.u. true power (Horizontally) 
1 cm = 0.2 pou. reactive power (Vertically) 


© Locate point Og having coordinates (um and Ds ) ie, (3.26 cm, 8.05 cm) and from 
point Op draw load line at an angle cos"! (0.8) ie., 36.87* inclined to the horizontal and an 
horizontal line Og N of magnitude 0.2144 i.e., (1.072 cm). 

e Draw a line NM perpendicular from the point N cutting the load line at the point M, O,M 
is the radius of the universal power circle (Fig. 14.41) 


161 


Fig. 14.41 


From circle diagram O,M = 9.9 cm «(By measurement) 
=9.9x 0.2 = 1.98 p.u. 
VgzVs 
OM = TRES pu. 
.OMxV* 198x100 — 
Vac yo spo 7150kV. (Ans) 


B-8-64* (By measurement) 
E 3 = B — 64* = 68° 20 — 64° = 4* 20° 
and, B +5 = 68° 20 + 4* 20’ = 72° 40" 


The coordinates of point O (the point of sending end power measurement) with respect of the 
origin (the centre of universal power circle) are : 


2 
Horizontal coordinate =-D ue cos (B-a) 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 


PERFORMANCE OF TRANSMISSION LINES 589 


T7. AS-phase,50 Hz, 100 km long transmission line has the following line constants : 
Resistance/phase/km = 0.1 Q ; Reactance/phase/km = 0.5 N ; Susceptance/phase/km = 10 x 10-* mho. 


If the line supplies load of 20 MW at 0.9 p.f. lagging at 66 kV at the receiving end, determine the 
following : 


(Ans. (i) 0.905 lag ; 3 
8. A 3-phase, 50 Hz, overhead transmission line, 100 km long has 110 kV between lines at the receiving 
end and has the following constants : 
Resistance/km/phase = 0.153 Q ; Inductance/km/phase = 1.21/mH ; Capacitance/km/phase = 
0.00958 pF. 
The line supplies a load of 20 MW at 0.9 p.f. lagging. Calculate, using nominal-x representation, the 
following 
(i) Sending end line voltage, ii) Sending end current, 
ii) Sending end power factor, (iv) Percentage regulation, and 
(v) Transmission efficiency of the line. [Ans. (i) 115.645 kV, (ii) 109 A ; (iii) 0.9423 (lag.) 


(iv) 5.13% ; (v) 97.21%) 
9. A balanced 3-phase load of 30 MW is supplied at 132 kV, 50 Hz and 0.85 p.f. lagging by means of a 
transmission line. The series impedance of a single conductor is (20 + j52) ohms and the total phase- 
neutral admittance is 315 x 10 mho. Using nominal-T method determines. 
(i) A, B, C, D constants, (ii) Sending ending line voltage, and 
(iii) Regulation of the line. [Ans. (i) A = D = 0.992 20.18*, C = 0.000315 290", (ii) 143 kV, (iit) 9.26% ] 
10. A 132 kV, 50 Hz, 3-phase transmission lines delivers a load of 50 MW at 0.8 p.f. lagging at the receiving 
end and has the following constants : 
A = D = 095 ZL4* ; B = 96 278° ; C = 0.0015 290°. Determine the following : 
(i) Percentage regulation of the line, and 
(ii) Charging current ; Use nominal-T method. (Ans. (i) 30% ; (ii) 128.2 299.1°Al 
11. The constants for a 132 kV line are as under : 
A =D = 098 Z3*; B = 110 475° Q ; C = 0.0034 280° U. 
The load at the receiving end is 40 MVA at 132 kV and power factor 0.8 lagging. Draw the circle diagram 
and find out the following : 
(i) Sending end voltage. 
(ii) Leading MVAR for this load at the receiving end, if the sending end voltage is 440 kV. 
(Panjab University) 
(Ans. (i) 157.8 kV ; (ii) 23 MVAR] 
12. A 3-phase overhead line has resistance and reactance per phase of 25 © and 90 N respectively. The 
supply voltage is 145 kV while the load-end voltage is maintained at 132 kV for all loads by an automat 
cally controlled synchronous phase modifier. If the kVAR of the modifier has the same value for zero 
Joad as for a load of 50 MW, find the rating of the modifier and the power-factor of the load. (U.P.S.C) 
lAns. 19 MVAR ; 0.95 lag] 
18. A single-cireuit, 50 Hz transmission line is 500 km long and has the following ABCD constants : 
A=D=0.895 21.5* ; B = 182.5 278.5" ; C = 0.00111 290.5° U. 
Construct a universal power circle diagram and from the diagram determine : 
(i) The sending end voltage for a load of 80 MVA at 215 kV and 0.8 p.f. lagging at the receiving end. 
> Gi) The voltage regulation for the loading as in (i), and 
(iii) The reactive power supplied by the line and by a synchronous phase modifier in parallel with the 
load, when the loading is 80 MVA at 215 kV and 0.9 p f. lagging. Given that the sending end voltage 
is 236 kV. Also determine the power factor at the receiving end of the line. (Agra University) 
lAns. (i) 263 kV ; (ii) 22.33 % ; (ii) 24.45 MVARMine) ; 14.3 MVAR lead ; 0.956 lagging) 
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Disadvantages : 
1, High maintenance cost. 
2. Location of fault is difficult. 
3. Load extension necessitates completely new excavation costing as much as the original 
work. 
4. The alteration in the cable network cannot be made easily. 
5. The cable sheath may sometimes undergo chemical changes and get damaged due to 
impurities present in the soil. 
6. This method cannot be used in congested areas where excavation is expensive and incon- 
venient. 
2. Draw-in system. This method of cable laying is suitable for congested areas where exca- 
vation is expensive and inconvenient. 
It is most suitable for short length cable routes such as in workshops railway bridge crossing, 
road crossing where frequent digging is costlier or impossible. 
e In this method a line of conduits, ducts or tubes made of either iron, glazed stoneware, 
clay or cement concrete are laid in ground with manholes at suitable positions along the 
cable route, The cables are then pulled into position. 


© Separate pipes and ducts (or multiple way ducts) are provided for each cable laid in the 
same duct. 
© Care must be taken that where the duct line changes direction ; depths, dips and offsets 
be made with very long radius so that a large cable 
may be pulled easily between the manholes. The dis- 
tance between the manholes should not be too long so 
as to simplify the pulling in of the cables, 
© The cables to be laid in this way need not be armoured 
but must be provided with serving of hessian and jute 
inorder to protect them when being pulled into the ducts. 
Fig. 16.9 shows section through 4-way underground duct 
line. Three of the ducts carry transmission cables and the fourth 
duct carries relay protection connection, pilot wires. 
Advantages : Fig. 16.9. Draw in system. 
1, Less chances of occurrence of fault (owing to strong me- 
chanical protection provided by the system). 


It is easy to carry out repairs, alterations or additions to the cable network without open- 
ing the ground. 


Since the cables are not armoured, therefore, joints become simpler and maintenance cost 
is reduced considerably. 


p 


1. Very high initial cost. 

2. Owing to the close grouping of cables and unfavourable conditions for dissipation of heat 
the current carrying capacity of the cables is reduced. 

3. Solid system : 


In this method the cable is laid in open pipes or troughs dug out in earth along the cable 
route. The troughing is of cast iron, stoneware, asphalt or treated wood. After laying the 
cable in position, the troughing is filled with a bituminous or asphaltic compound and 
covered over. 
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the ratio of the other two arms of the testing network at balance is 4 : 1, find the distance of the fault 
from the testing end of cable. 
Solution. Given : Loop length =2 x 400 = 200m; 7 


Distance of fault from test end, 
D= 


Q 
pig * loop length 
= i x800-160m. (Ans) 
Example 16.21. In a Murray loop test for a fault to earth on a 400 m length of cable having a 
resistance of 1.5 Q/km, the faulty cable is looped with a sound cable of the same length but having a 


resistance of 3.5 (1/ km. The resistances of the other two arms of the testing network at balance are in 
the ratio 3 : 1. Calculate the distance of the fault from the testing end of the cable. 
P8 P*Q 341 = 
Soluton. Qr or, ur a 4 
15 35 
Loop resistance = yx 400+: 1000 x400220 


Resistance of the faulty cable from the test end upto fault point, 


pe og i i 
X= P«Q x loop resistance = 7 x2=052 


Distance of fault point from the testing end, 
x 05 
d= 1gnooó ^ ignooo "39-399 m. (Ans) 
Example 16.22. Varley loop test is conducted to locate an earth fault on a 25 km long cable. 
The resistance per km of single conductor is 152. The loop is completed with a similar sound conduc- 
tor. At balance, the variable resistance connected to the faulty conductor is 150 Q. The fixed resistors 
have equal values. Caleulate the distance of the fault from the test end. 


Solution. Resistance of faulty cable from test end to fault point, 


y. Q0 *20- PS 
P+Q 
Here, P=Q;S=1500;R+X = 26(15 + 15) = 7502 
Q(150) - Qx 150 
P LT] 3000 
The resistance per km = 15 Q 
^ Distance of fault from the test end, 


X 300 
dz —.7— 220km. (Ans) 
15 15 


16.15. CAUSES OF FAILURE OF UNDERGROUND CABLES 


The following are the (probable) causes of failure of underground cables : 


1. Mechanical puncturing of the lead sheathing of a cable (during excavation and building 
operations). 
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17.2. CLASSIFICATION OF STABILITY CONDITIONS 


{© For the purpose of analysis the stability conditions may be classified as follows : 

1. Steady state stability. 

2. Transient stability. 

3. Dynamic stability. 

V °°" 1. Steady state stability : 

77. The “steady state stability” is the stability of the system under conditions of gradual or 
relatively slow change in load. The load is assumed to be applied at a rate which is slow when 
‘compared either with the natural frequency of oscillations of the major parts of the system or with 
the rate of change of field flux in the rotating machine in response to the change in loading. 

€ The study of steady state stability is basically concerned with the determination of the 

upper limit of machine loadings before losing synchronism, provided the loading is gradu- 
ally increased. 

© In case of interconnected systems, synchronism between the ends may be lost once the 

magnitude of power flow exceeds the steady state stability limit. 

2. Transient stability : 

“Transient stability” refers to the maximum flow of power possible through a point without 
losing the stability with sudden and large changes in the network conditions such as brought about by 
faults, by sudden large increment of loads. 

Transient stability of a power transmission system is its inherent ability to recover normal 
operation following sudden and/or severe disturbance (e.g. the fault). 

Transient stability is characterised by the highest magnitude of power flow just prior to the 
transient disturbance for which the system can remain in synchronism once the transient fault is 
withdrawn or cleared. 

© The transient stability limit is almost always lower than the steady state limit, but unlike 

the latter, it may exhibit different values depending on the nature, location and magni- 
tude of disturbance. 

3. Dynamic stability : 

stability’ is the ability of a power system to remain in synchronism after the ‘ini- 
sha stag lent taba petia cites bes ented dm iode hcm sacs qud 
librium condition, 

‘The system is said to be dynamically stable if the oscillations do not acquire more than cer- 
tain amplitude and die out quickly (i.e., the system is well damped). In a dynamically unstable 
system, the oscillation amplitude is large and these persist for a long time (i.e., the system is under- 
damped). This kind of instability behaviour constitutes a serious threat to system security and 
creates very difficult operating conditions. 

Dynamic instability is more probable than steady state instability. 

` Dynamic stability can be significantly improved through the use of power system stabilizers. 
© Computer simulation is the only effective means of studying dynamic stability problems. 
The same simulation programmes are, of course, applicable to transient stability studies 
as well. 

Note. In addition to power flow stability, voltage stability is also a major criterion for successful A.C. 

‘power transmission. Voltage instability’ is characterised by a state of power system when the load end voltage 
ops abnormally causing withdrawal of high currenta from the source even though the power flow starts 
ceasing and the power angle between the two bus voltages way exceed their rated value for stable power transfer. 
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For any value of 5 the difference in power developed between generator and motor is equal to 
` Jine losses’. When the line resistance and shunt admittance are negligible, then the power trans- 
ferred between generator and the motor, 


P= Pus Poo OW sind NT 
when = 90*,the power transferred will be maximum, 
ie Pras = ES ui) 


From the above eqn. itis evident that the maximum power that can be transferred between a 
generator /alternator and a motor is directly proportional to the products of internal e.m.fs of the two 
machines and inversely proportional to reactance of the line. 

Methods of improving steady state stability : 

Tn practice the following methods are used to improve steady state stability : 

1. Higher excitation voltages. 

2. Reducing the impedance between the stations (By adding machines or lines in parallel or 
by using machines of lower inherent impedance). 

3. The optimum conditions of X = VSR for maximum power transfer is approached by the use 
of series capacitors for overhead lines and series reactors for underground cables. 

4. Quick response excitation system. 

Example 17.1. Deduce an expression for the maximum steady state power which can be trans- 
mitted over a line (neglecting capacitance of the ino) if the voltage at each end is kept constant. 

Show that if the reactance X of the line be varied the resistance R remaining constant the 
maximum steady state power that could be transmitted over the line would be greatest when X= |3R. 

Sol. Refer Fig. 17.3. 

Let, V, = Sending end voltage, 

Vp = Receiving end voltage, 
Ig =I, = I = Sending end and receiving end currents (same, since capacitance is neglected) 


krosa —À- nl 


Fig. 17.3. Phasor diagram. 
IR, IX = Component voltage drops due to the impedance Z of the line, when current J flows 
through it. From the phasor diagram, we have 
Vg cos 5 = Vg cos Èp + IR NI 
Vs sin $5 = Vg sin $5 + IX i) 
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Applications of equal area criterion include the following : 

1. Effects of increase in load. 

2. Effects of switching operations. 

3. Effects of faults with subsequent circuit isolation. 

1. Effects of increase in load. From the point of view of transient disturbance and system 
stability the following are the two possibilities of increasing the load : 

(i) The total load exceeds the steady state limit of the system. 

(ii) The rate of increase in load is so high as to set uposcillations which cross the critical point. 

Let us consider a synchronous motor connected to an infinite bus-bar and operating at syn- 
chronous speed with mechanical output Py Let (determined from the power-angle diagram shown 
in Fig. 17.6) be the load angle corresponding to Py. 


Fig. 17.6. Sudden change of load-equal area criterion. 


The power-angle diagram is drawn by using the relation, 
Pp You sin 8, neglecting the system (motor, transmission line, transformers etc.) 


where, Vg Voltage of the infinite bus-bars, 
Vu = Voltage behind the transient reactance of the synchronous motor, 
X = Transient reactance of the system, and 
8 = Load or torque angle. 
Under these conditions, 


Py=Py= EWM sin 


where, P) = Mechanical power output, and 
P = Electrical input. 
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mq — By) sin 8g — y, cos 8g + Yz cos, 


a cos = (17.39) 
DET 
Now from the curves, 
Py = Ppa sin 8, = Yy Prune SiN 8, = Ya Prag sin (R= 8,) 
or, sin à = 1, sin (x7 &,) j 
or, 58, e niin (8) (17.40) 
2 


Thus if y,, Y, and 8, are known, the critical clearing angle 8, can be obtained. 

17.4.5. Transient Stability in a Multi-machine System 

In order to determine the multi-machine stability the following steps can be taken : 

1, Determine the voltage behind transient reactance for all the generators from the pre fault 
load data ; this voltage is kept constant. The angle with this voltage is the initial rotor angle. 

2. Record the prime mover output Py (= Pg in steady state). 


3. Augment the load flow network by the generator transient reactances. Assume the net- 
work buses to be behind the transient reactances. 


4. Determine (Y) p, during fault, and post fault clearing condition. 

5. Obtain the generator outputs (using P — 8 equation) during the fault condition. 

6. Solve the swing equation. Obtain 5 vs t which predicts stability. 

7I. Repeat steps 5 and 6 for post fault clearing mode. 

174.6. Transient Stability Improvement 

The transient stability can be improved by the following methods : 

1, By using machines of higher inertia or by connecting the synchronous motors to heavy 
flywheels. 

2. By increasing the system voltage. 

3. By reducing the transfer reactance. 

4. By using high neutral grounding impedance. 

5. By reducing the severity of faults which can be achieved by using lightning arrestors for 
protection of lines. 

6. By the use of high speed circuit breakers. 

© To improve transient stability the governors attached to the turbines driving alternators 


should be high speed one so as to adjust the generator input quickly as per demand of the 
load. 


© Voltage regulators employed on the lines should be quick acting ones. 


Example 17.4. A 3-phase line has a reactance of 11 Q per phase. The voltage at each end is 
maintained at 132 kV (line-to-line). Determine : 


(i) The maximum steady state power that can be transmitted by the line. 
(ii) The limits of angular oscillations for transient stability, when the above line develops a 


sudden jerk at 2a of the steady state limit. 


Sol. Given : X = 110, Vg, = Vy, = V, = 132 kV 
G) Maximum steady state power : 
Maximum steady state power that can be transmitted by the line for all the three phases, 
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Control of Reactive Power, Voltage and 
Load Frequency in Transmission Systems 


18.1. Generation and absorption of reactive power. 18.2. Effect of reactive power on voltage and 
voltage regulation. 18.3. Relations between 8, 8P and Vat a node. 18.4. Reactive compensation 
in power system. 18.5. Types of compensators. 18.6. Methods of voltage control in transmission 
azote. 18.7. Relalone between voltage and reactive power, frequency end activa power 16.8, 
Control of load frequency. Highlights— Theoretical Questions. 


18.1. GENERATION AND ABSORPTION OF REACTIVE POWER 


The study of generation and absorption of reactive power in the power system is essential 
since the reactive power is very precious in keeping the voltage of the power system stable. 
Whereas frequency is the indicator of active power balance, voltage is the sole indicator of reactive 
power balance. 


‘The components responsible for the generation and absorption of reactive power in the power 
system are : 


1, Alternators. 

2, Overhead lines and transformers. 

1. Alternators : 

e Anoverexcited alternator generates reactive power while an underexcited machine absorbs 
it. Normally the alternators are run in overexcited mode such that they can act as main 
source of reactive power supply to the power system. 

The reactive power supply capability is determined by the short circuit ratio. 

à Overhead lines and transformers : 

© A fully loaded overhead line absorbs reactive power, given by I*X, where I and X are the 
line current and line reactance (N) per phase respectively. The distributed shunt 
capacitances throughout the line, on light loads or at no load, become predominant and 
consequently the line supplies charging VARi.e. generates reactive power (given by 2nfCV2, 
where V is the line voltage, f the system frequency and C the line-to-earth capacitances). 
— Cables generate reactive power due to the various cable capacitances. 

© Transformers always absorb reactive power, given by : 

D " 
where, I= Phase current, 
Lana = Rated phase current, 
V = Phase voltage, and 
X, = The p.u. reactance of the transformer. 
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Whereas frequency is the indicator of active power balance, voltage is the sole indicator of reactive 
power balance. 

Alternators and overhead lines and transformers are the components which are responsible for the 
generation and absorption of reactive power. 

The various types of compensators are : (i) Shunt capacitors ; (ii) Synchronous compensator ; (iii) Series 
capacitors. 

‘The methods of voltage control in a transmission system are : 

G) Transformer tap changing ; (ii) Booster or regulating transformer ; 
Gii) Static VAR system. 


‘THEORETICAL QUESTIONS 


Name the components of power system which generate or absorb power. 

Define the relationship between the incremental changes of P, Q and V in a load node. 
What is reactive compensation ? What are its advantages ? 

Enumerate various types of compensators and explain any one of them. 

What is a booster transformer ? Where is it used ? 

Explain briefly the various methods of voltage control in a transmission system. 
Explain briefly ‘load frequency control’. 
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` be generated at comparatively low voltages by units of relatively low power ratings. As 


yet there is no economical method of raising the D.C. voltage for transmission and lower- 
ing it for distribution. 


For certain applications, D.C. supply is absolutely necessary ; e.g., D.C. supply is required for 
the operation of variable speed machinery such as D.C. motors, electro-chemical work and electric 


traction. 


In a D.C. system the electrical energy may be fed and distributed either by two-wire or by 
three-wire system. 


Two-wire D.C. distribution systems. Fig. 19.2 shows a two-wire D.C. distribution system 
from generating station or substation to the consumer's terminals. 


Fig. 19.2. Two-wire D.C. system. 


This system consists of two wires, one outgoing (known as positive wire) and another 
returning one (negative wire). 

Untapped feeders run into bus-bars in suitable feeding points in the distribution area. 
Distribution cables are connected to the bus-bars through fuses or links. 

Each separate consumer is fed from the distributor by a service cable tapped on to the 
distributor at the nearest convenient point. 


The electrical appliances and motors etc. are connected in parallel between the two wires. 


Thrvewire D.C. distribution yelim; 


This system consists of two outers and an earthed middle wire known as neutral wire. 
The lamps or consumer apparatus are connected between the neutral and one of the outers. 
The voltage between the outers being twice that of consumer's terminals increases the 
transmission efficiency and reduces the copper cost. 


19.2.1. Types of Distributors 

‘The distributors are of the following types : 
1. Distributors fed at one end. 

2. Distributors fed at both ends. 

3. Distributors fed at the centre. 

4. Ring distributor. 
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Out-of-balance current = 2000 — 1600 = 400 A 

Current through B, = (2000 +600)-2432=168A. (Ans) 

Current through B, = 400-168 = 232A. (Ans) 

Example 19.29. A D.C. 3-wire system with 500 V across outers supplies 1000 A on «ve side, 


800 A on -ve side and 1000 A across outers. The rotary balancer has an armature resistance of 0.1 Q 
and takes 10 A on no load. Calculate : 


(i) Current loading of each balancer unit, 


Gi) Voltage across each balancer, and 
(iii) Load on the main generator. (Panjab University) 
Sel. Given : Voltage across outers = 500 V 

Current supplied on +ve side = 1000A 

terrent supplied on -ve side =800A 

Current supplied across outers = 1000A 

Armature resistance, R,-010 

No-load current of the balancer =10A 

‘Total current on +ve outer = 1000 + 1000 = 2000 A 
Total current on -ve outer = 800 + 1000 = 1800 A 
Current in the middle wire, Ty = 2000 — 1800 = 200 A. 


Since the load on +ve side is more, therefore, machine B, will run as agenerator and machine 
B, will run as a motor. 


( Current loading of each balance unit : 


Refer to Fig. 19.60. Let the current loading of B, and B, be Ip, and Zp; respectively. 
Since current in the neutral, Iy = Ip + Ig, 


Tg, = Ty—Tpq = 200 — 19; 
Let Vy, and Vg, be the voltages across machines B, and B, respectively. 
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Factories : Fig. 19.66 showing how supply comes to factories. 


To3-4 motor To 3-4 welding 
etc.  transtormer etc. 


Fig. 19.66. Factory wiring. 
e In factories or big buildings 3-phase four-wire supply comes through overhead lines or 
cables to the factory in 3-phase meters, supplied by supply company. 
© From there, as shown in Fig. 19.66 supply comes in ICTP switch from which supply enters 
in bus-bar section. From there it is distributed to different sections through ICTP switches 
to give supply to 3 phase motors etc. and ICDP for single phase to give supply to lighting 
load. 


19.3.2. A.C. Distribution Calculations 

A.C. distribution calculations differ from the D.C. distribution in the following respects : 

1. In D.C. system, the voltage drop is due to resistance alone but in A.C. system the voltage 
drops are due to the combined effects of resistances, inductances and capacitances. 

2. In D.C. system, all additions and subtractions of currents are simply mathematical but in 
A.C. system all additions and subtractions will be vectorially and therefore, currents and voltages 
will be expressed in symbolic notations. 

3. At the load point the phase angle between voltage and current plays an important part. 
Loads tapped off from the distributor are generally at different power factors. There are two ways of 
referring power factor : (i) It may be referred to supply or receiving end voltage which is reference 
vector ; (ii) It may be referred to the voltage at the load point itself. 

4, All methods employed for solution of D.C. distributors and networks shall hold good in 
solution of A.C. distributors and networks, the only difference is that all impedances, currents and 
voltages shall be expressed vectorially G.e., symbolically) with current or voltage as reference vector. 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 


POWER DISTRIBUTION SYSTEMS 79 


ie, 


Taking voltage at far end D, V, as the reference vector, 
Vp = (220 + j0) V 
Current in section CD, — 1, = 50(0.88 — j0.475) = (44 — j23.75) 
Voltage at load point C, Vo = Vp + I5 Zep 
= (220 + j0) + (44 — j23.75X0.036 + j0.06) 
= (220 + jO) + (3.009 + j1.785) = (223.009 + 1.785) V 
Phase angle between Vo and Vp, 
= tant ( 11785. ) = 
inten (Gates nom. 
The load current J, lags behind V; by an angle 
= cos“! 0.85 = 31.79* 
The load current J, lags behind voltage at far end Vp by an angle (31.79* — 0.46") = 31.33° 
Load current at point C, I, = 40(cos 31.33* —j sin 31.33*) 
= 40(0.854 — j0.52) = (34.16 — j20.8) A 
Load current in section BC, Ic = iy «I, 
= (84.16 — 20.8) + (44 ~ j23.75) = (78.16 — j44.55) A 
Voltage at the load point B, 


Vo + (ls + I) Zac 
= (223.009 + j1.785) + (78.16 — j44.55X0.072 + j0.12) 
= (223,009 + 1.785) + (10.973 + 6.172) = (233.982 + j7.957) V 

Phase angle between Vp and Yo» @, = tan? (zs) 2195* 
The load current J, lags behind the voltage V; by an angle 

= cos (0.8) = 36.87° 
‘The load current I, lags behing the voltage at the far end V by an angle 

= 36.87° - 1.95* = 34.92° 
Load current at point B, 7, = 60(cos 34.92* — j sin 34.92*) 

= 60(0.8199 — j0.5724) = (49.194 — j34.344) 
Load current in section AB, 

Daslhthel 

= (49.194 — j34.344) (34.16 — 20.8) + (44 — 23.75) 

= (127.854 — 78.894) 
Voltage at sending end point A, 

Va = Vs e (B+ + B) Zas 

= (233.982 + j7.957) + (127.354 — /78.894X0.072 + j0.12) 

= (233.982 + j7.957) + (18.637 + j9.602) 

= (252.62 + j17.56) = 253.23 23.98° 
Voltage at the sending end =253.23V. Ans. 
Phase angle of sending end voltage (V,) w.r.t. 
the receiving end voltage (Vj), @=3.98°. (Ans) 
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1. By Kirchhoffs laws. 

2. By star-delta conversion. 

3. By applying Milliman's Theorem. 

4. By using Maxwell's Mesh or Loop Cur- 
rent Method. 


1. Kirchhoff's laws. By applying Kirch- 
hoffs laws, we get (Refer to Fig. 19.92) 


and, Ig *ly*l, 
Adding (i) and 
Enr Ban Ifi Ie i - 
NAP. 
en fi. Beet nd my 
'B 
Substituting Iy + 5 =~ Ip from (iv) in (iii), we get 


Epp = If + Uy + Ip = IZ + Zp) + IZ ^ui) 
Substituting the value of I, from (iv) in (vi), we get 


Epp = (Fiat) (Za + Zp) Ii 


25 
or, Ey = Em + Epp + Ie + Epy2p + Epp + Ioa + Ie 
or, IfZpLy + ZyZp + ZyZq) = Za Egy + Epp) - Ep 
or, If Zqly + ZyZp + Zap) = ZęEyp - ZgEgy. (e Epy+Eyp+Epp=0) 
Ži EryZg 


ly" 2 0E Ly REV 2 PR ERE 
; E 
RETE yt By + E 
E 
Similarly, i= ro 
MR d Zat Zrt DR ZyZg 
^ 


2y + y+ m 


and, RAE ERA 
+ +~ Zp*Zgp* 
nt By X Tp + Zee E 


2. Star-delta conversion. In case of unbalanced star-connected load it is somewhat more 
convenient to convert it into equivalent delta-connected load and solve it. 

Tf Zp Zy and Zy be the impedances of the given star-connected load and Zpy, ZyguZpp be the 
impedances of the equivalent delta-connected load (Fig. 19.93), then 


g Za% _ Za p + Zyp + Tay 
Zp Dy ut z 


Zp _ Zyln +2, Z, 
y Zy + Za + EB = Tra a tita 


Zry 
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6(0.465 — j0.885) — 4(0.12 + 0.993) 
= 2.79 —j5.31 — 0.48 3.97 = 2.31 -j9.28 = 9.56 2-76" A. (Ans) 
Iy = [yp - Igy = 8 Z- 66.9° — 6 Z- 62.3° 
= 8(0.392 — j0.92) — 6(0.465 — j0.885) 
(3.136 — j7.36) — (2.79 — j5.31) 
70.946 2.05 = 2.07 7-80.4* A. (Ans.) 
Ig - Typ = 4 283.1° - 8 Z- 66.9° 
= 4(0.12 + j0.993) — 8(0.392 — j0.92) 
= 0.48 + j3.97 — 3.136 + j7.36 
2.656 + j11.33 = 11.637 7103.2* A. (Ans.) 
(iii) Power consumed : 
Total power is the sum of power in difference phases. 
P= Epy* Igy + Eyg * lyp + Egg X Ipp 
=400 20° x 6 Z- 62.3° + 400 Z- 120° x 8 Z- 66.9° + 400 2120" x 4 283,1° 
= 400 x 6 cos (- 62.3*) + 400 x 8 cos (53.1°) + 400 x 4 cos (- 36.9°) 
= 1115.6 + 1921.3 + 1279.5 = 4316.4 W 
(Or P= Pay Ray + Dyp x Ryp + pp x Rog 
= 6? x 31 + 8? x 30 + 4? x 80 = 1116 + 1920 + 1280 = 4316 W] 
Hence, total power = 4316. W. (Ans.) 


HIGHLIGHTS 
1. That part of the network of a power system which distributes power for local use is known as distribu- 
tion system. 
2. The following are the requirements of a good distribution system : 
(i) Proper voltage ; (ii) Availability of power on demand ; 
(iii) Reliability. 
8. The various types of distributors are : 
(i) Distributors fed at one end (ii) Distributors fed at both ends 
(iii) Distributors fed at the centre (iv) Ring distributor. 
4. A distributor which is arranged to form a closed circuit and which is fed at one or more than one 
points is called a ring distributor. 
5. The various methods used to supply a 3-wire D.C. system are : 
G) The two-generator method (ii) The balancer set 


(iii) The single-generator tapped-resistor (iv) The Dabrowolsky generator method 
(v) The synchronous converter. 
6. In a 3-wire D.C. system to transmit the same amount of power with the same efficiency over same 


distance with same consumer voltage we require ES th or 0.3125 times copper as required in 2-wire 


D.C. eystem. 

7. The line bringing electric power from supplier's low voltage distributor upto the energy meter in- 
stalled at the consumer's premises is called the service connection. 

8. In A.C. system the voltage drops are due to the combined effects of resistances, inductances and 
capacitances. 
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— To date the biggest H.V.D.C. transmission is ITAIPU in Brazil (two bipoles, 6300 MW 
and 300 kV). 

— In India the first H.V.D.C. line is Rihand-Delhi (+ 500 kV, 800 MW). 

— The highest voltage transmission reached is + 600 kV. 


j 
20.2. EXTRA HIGH VOLTAGE A.C. TRANSMISSION 


Use of E.H.V. A.C. transmission is increasing day by day for interconnections of two or more 
power systems to achieve sharing of installed reserves ; construction of large power plants, and for 
development of integrated systems and grids. 

20.2.1. Advantages of E.H.V. Transmission 

The following are the advantages of E.H.V. A.C. transmission for transmitting bulk power 
over long distances : 

1, With the increase in transmission voltage, the transmission efficiency increases for a given 
amount of power to be transmitted over a given distance (line losses are reduced since these are 
inversely proportional to the transmission voltage). 

2. Voltage regulation is improved because of reduction in line losses. 


3. The volume of conductor material decreases, being inversely proportional to the square of 
transmission voltage. 

4, The transmission capacity of the line increases tremendously, since the transmission ca- 
pacity is proportional to the square of the operating voltages. 

, _ Although the costs of the tower, installation and terminal equipments increase but in general 
use these costs are proportional to the voltages rather than square of the transmission voltage. 
Consequently, overall capital cost of transmission decreases as the voltage increases. 

5. With the increase in voltage level, the installation cost of the transmission line per km 


6. Since Surge Impedance Loading (SIL) is proportional to the square of the voltage 


2 
(t. - L where Zg is the surge impedanco eine) therefore, with increase of voltage level, SIL 


itself increases which indicates that power transfer increases. 

7. The interconnections of the power systems on a large scale is possible with EHV transmis- 
sion only. 

8. Flexibility for future system growth. 

9. Reduction in rights of way. 

20.2.2. Limitations/Problems involved in E.H.V. Transmission 

Following are some limitations / problems involved in E.H.V. transmission : 

1. Corona loss and radio interference. 

2. Heavy supporting structures and erection difficulties. 

3. Insulation requirements. 

4. Suitability considerations. 

5. Current carrying capacity. 

6. Ferranti effect. 

7. Environmental and biological aspects. 
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PART-III : SWITCHGEAR AND PROTECTION 


Chapters : 
21. Symmetrical Components and Fault Calculations 
22. Switches, Fuses and Circult Breakers 
23. Protective Relays 


24. Protection of Alternators and Transformers. 
25. Protection of Bus-bars and Lines/Feeders 

26. Protection Against Overvoltages and Insulation Co-ordination 
27. Neutral Earthing (Grounding) 

28. Sub-stations 
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As the transformers are assumed to be ideal, hence, the impedances of these are neglected. 
Then, pet ee Ea 
= (0.01 + 0.02) + (3 + j6) = (3.01 + 6.02) p.u. 
= 6.73 263.43* 
140 — 12v 


Per unit current, Ve 5 = ag 2634F 


Example 21.3. A 3-phase transmission line operating at 33 kV and having a resistance and 


= 0.1486 2-63.43" p.u. (Ans.) 


reactance of 6 ohms and 24 ohms respectively is connected to the generating station bus-bar through 
a 6000 kVA step-up transformer which has a reactance of 6%. Connected to the bus-bars are two 
synchronous generators, one 12000 kVA having 10% reactance, and another 6000 kVA having 7.5% 
reactance. Calculate the kVA at short-circuit fault between phases occuring at the high voltage termi- 
nals of the transformers and at load end of transmission line. 


Solution. The single line diagram of the network is shown in Fig. 21.8 (i). 


12000 kVA 


dox 6000 VA 


(Wi) Simplified impedance diagram 


Fig.218 
Choosing 12000 kVA as base AVA, we have : 
Reactance of generator G,, Xo, = 10% 


12000 
Reactance of generator Gy, Xo, = 7.5 x "cro 


= 15% 


Reactance of transformer, Xp = 6 x E -129 
The line impedance in ohms can be converted to percentage impedance (using eqn. 21.3) as 


follows : 
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m SMVA.6% 
TOM F, 1a 4n F; 
Of 14m 
AER, T 
(a) Single ino diagram of the network 
Fy S y 
TOSS CCST — WA USD 
Xp 12% Xp=12% Roe 10% X, e 40% 
(b) impedance diagram of the network 


Fig.2112 
The line impedance is given in ohms. It can be converted into percentage impedance (by using 
eqn. 21.3) as follows : 
% Resistance of transmission line, 


R(kVA) _ 1x 10000 


99.7 19v ^ 10xaor ^ 105 


X(kVA). 4x10000 
5X," 19avy " 10x19. = 
The impedance diagram of the network is shown in Fig. 21.12 (b). 
(© Fault at the high voltage terminals of the transformer (Point F ) : 
‘Total % reactance from alternator neutral upto fault point F, 
=%X, 5X, 124127 24 


^ Short«ircuit kVA = 10000 x 200 = 41667 kVA. (Ans) 


Gi) Fault at the load end of transmission line (Point Fy) : 
Total % reactance = % X, + % Xp + X, 
2124124402649 
% Resistance = 10% 
% Impedance from alternator neutral upto fault point F, 


NT oF = 64.70% 


& Short circuit kVA = 1000 + 287. -158497kVA. (Ans) 


Example 21.10. The plant capacity of a 3-phase generating station consists of two 12000 kVA 
generator of reactance 10% each and one 6000 kVA generator of reactance 15%. The generators are 
connected to the station bus-bars from which load is taken through three 6000 kVA step-up trans- 
formers each having a reactance of 5%. Determine the maximum fault MVA which the circuit break- 
ers on (i) low voltage side and (ii) high voltage side may have to deal with. 

Solution. Fig. 21.13 shows the single line diagram of the network. 

Let 12000 kVA be the base kVA. 
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96 Reactance of each generator (G,, Gy, Gy and G,) on the base MVA 
=10x $ =10% 

% Reactance of the reactor on the base MVA 
=20x $ =20% 

* Reactance of the transformer on the base MVA 
ZI 


When fault occurs at F, the reactance diagram on the selected base MVA will be as shown in 
Fig. 21.31 (a). This further reduces to the arrangement of the reactances shown in Fig. 21.31 (b). | 


$ 
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% Reactance of line = 100x 4, x 100 = 16.7% 
(120)? 


Negative sequence network : 
The network is exactly identical to positive sequence network except for the sources. 


0.07840 10.167 0 0.07842 
“COS COS “COST 


joasa jozen J0.492.9 


- jozan 


40.9452 {0.0810 


j0.9452 joon 


Fig. 21.83. Positive, negative and zero sequence networks. 
Zero sequence network : 


24 
The neutral reactance = 2.5 x3 x igg x 100 =94.5% 


‘The zero sequence reactance of line = 250 x aw x 100 = 41.7% 
‘The three sequence networks are shown in Fig. 21.83. 
Positive sequence impedance between P and ZPB (when sources are short circuited), 
Z, = (0.15 + j0.0784) j [0.167 + 0.0784) + (0.246 1j0.492)] 
0.2284 || [0.2454 + j0.164] = 0.2284 jj 0.4094 = j0.147 Q 
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Switches, Fuses And Circuit Breakers 


22.1. Switchgear—general aspecte— Definition of switchgear—Functions of switchgear—Essential 
ot 


Advantages and disadvantages of a tuse—Desirable characteristics of fuse element—Fuse element 
materials—Important terms relating to fuses—Types of fuses—Fuse selection Difference between 
Sub-circuit fuses, main circuit fuses, meter board fuses and pole fuses in an electrical installation— 
Difference between fuse and circuit breaker. 22.4. Circuit breakers—introduction—Funotions of a 
circuit breaker—Principle of circuit breaker—Are phenomenon—Mathods of arc extinction—Arc, 
Testriking and recovery voltages—Current chopping —Resistance switching—Classification of circuit 


circuit 

of circuit breakers— Testing of circuit breakers—Autoraciosing—Maintenance of circuit broakers— 

Switchgear components—Bus-bar arrangements. 22.5. Control room-power station. Highlights— 
Theoretical Questions—Ungolved Examples. 


22.1. SWITCHGEAR—GENERAL ASPECTS 


22.1.1. Definition of Switchgear 
Switchgear is a term which covers wide range of equipment as regards switching and inter- 
rupting the currents in the power system during normal and abnormal conditions. 
Or 
The apparatus used for switching, controlling and protecting the electrical circuits and equip- 
ment is known as switchgear. 
“Switchgear” in general consists of the following : 


(i) Switches (ii) Fuses 

(iii) Circuit breakers (iv) Isolators 
(w) Relays (vi) Control panels 

(vii) Metering panels (viii) Lightning arrestors 

(ix) Current transformers (x) Potential transformers etc. 
22.1.2. Functions of Switchgear 


The functions performed by a switchgear are listed below : 


1. To localise the effects of faults by operation of protective equipment and so automatically 
disconnect faulty point from the system. 


2. To break efficiently short circuits without giving rise to dangerous conditions. 
3. To facilitate redistribution of loads, inspection and maintenance on the system. 
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Disadvantages: 
1, Time is lost in replacing fuse after operation. 
2. On heavy short-circuits discrimination between fuses in series cannot be obtained unless 
there is considerable difference in the relative sizes of the fuses concerned. 
3, The current-time characteristic of a fuse cannot always be co-related with that of the 
protected apparatus. 
22.3.3. Desirable Characteristics of Fuse Element 
The fuse element should possess the following desirable characteristics : 
1. Low melting point. 
2. Low ohmic losses. 
3. High conductivity. 
4. Free from deterioration due to oxidation. 
5. Low cost. 
Since all the characteristics are not available in a single material, therefore, compromise is 
made in the selection of fuse material. 
22.3.4. Fuse Element Materials 
Lead, tin, copper, zinc and silver are the most commonly used materials for fuse elements. 


è Forsmall currents upto 10 A, tin or an alloy of lead and tin (lead 37%, tin 63%) is used for 
making the fuse element. 

© For large currents, copper or silver is employed. 

— It is usual practice to tin the copper to protect it from oxidation. 

© Zine, in strip form only, is good if a fuse with a considerable time-lag is required ie., one 
which does not melt very quickly with a small overload. 

The present trend is to use "silver" despite its high cost due to the following reasons : 

(i) It does not deteriorate when used in dry air. 

(ii) It is comparatively free from oxidation. 

(iii) Due to its very small coefficient of expansion no critical fatigue occurs and as such the 
fuse element can carry the rated current continuously for a long time. 

(iv) Silver vaporises at a temperature much lower than the one at which its vapour will readily 
ionise. Therefore, when an arc is formed through the vaporised portion of the element, 
the arc path has high resistance ; consequently, the short-circuit current is quickly reduced. 

(v) Due to its low specific heat silver fusible elements can be raised from normal operating 
temperature to vaporisation very much quicker than other fusible elements, Also, as the 
temperature of the silver reaches the melting point its resistance increases abruptly and 
thus the transition from melting to vaporisation becomes nearly instantaneous. As a result, 
operation becomes very much faster at higher currents. 

(vi) Due to heavy conductivity of silver, the mass of silver metal required, for a given rating of 
fuse element, is smaller than that of other materials. This minimises the problem of clear- 
ing the mass of vaporised material set free on fusion and thus permits fast operating 
speed. 

22.3.5. Important Terms relating to Fuses 

‘The important terms relating to fuses are discussed below : 


1. Current rating of fuse element. It is the current which the fuse element can carry without 
overheating or melting. 
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Under normal operating conditions, the current through the relay coil is such that the coun- 
terweight holds the armature in the balanced position as shown in the figure. However, when a fault 
takes place, the current through the relay coil increases considerably and the relay armature is 
attracted upwards. Subsequently, the stationary contacts attached to the relay frame are bridged 
and trip circuit is completed. 

Usually a numbers of tapings on the relay coil are provided so that the number of turns in 
use and the setting value at which the relay operates can be varied. 

‘The minimum current at which the relay armature is attracted to close the trip circuit is 
called pick-up current. 

28.4.2. Solenoid Type Relay 


Fig. 23.6 shows the schematic arrangement of a solenoid type relay. It consists of a solenoid 
and movable iron plunger arranged as shown. 


Solenoid 


oa 


Sok 


tt prr 


Fig. 23.6. Solenoid type relay. 

‘Under normal working conditions, the current through coil is such that it holds the plunger 
by gravity or spring in the position shown. However, when a fault occurs, the current through the 
relay coil exceeds the pick-up value, causing the plunger to be attracted to the solenoid. The upward 
movement of the plunger closes the trip circuit, consequently circuit breaker opens and the faulty 
circuit is disconnected, 

23.4.3. Balanced Beam Type Relay 

The schematic arrangement of a balanced beam type relay is shown in Fig. 23.7. It consists of 
an armature fastened to a balance beam. 


Under normal working conditions, the current through the coil is such that the beam is held 
in the horizontal position by the spring. 


ax] Des 


Relay: 
coll 


Fig. 23.7. Balanced beam type relay. 

However, when a fault takes place, the current through the relay coil becomes more than the 
pick-up value and the beam is attracted to close the circuit. Consequently the circuit breaker opens 
and the faulty circuit is isolated. 
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where 7, V, I and C are torque, voltage, current and a constant respectively, This is nothing but an 


equation of circle having a centre which is offset from the region. 


+k Ty 


Fig. 23.35. Operating characteristic of a modified 
impedance-type distance relay. 


23.13.2. Time-distance Impedance Relay 
This type of relay automatically adjusts its operating time according to the distance of the 


relay from the fault point i.e., operating time, T = T a Zu Distance 
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circulating current principle (described in article 24.1.2) and protection is provided against earth 
faults only by the use of balanced earth fault protection system. This system provides no protection 
against phase-to-phase faults, unless and until they develop into earth-faults, as most of them will. 

Schematic arrangement. Fig. 24.3 shows the schematic arrangement of balanced earth 
fault protection for a 3-phase alternator. It consists of the line current transformers (C.Ts.), one 
mounted in each phase, having their secondaries connected in parallel with that of a single current 
transformer (C.T.) in the conductor joining the star point of the alternator to earth. A relay is con- 
nected across the transformer secondaries. The protection against earth faults is limited to the 
region between the neutral and the line current transformers. 

Working : 

Under normal operating conditions (when the windings are sound), the secondary cur- 
rents in three current transformers (C.Ts.) sum up to zero at the points AB while the 
secondary current in the single transformer (C.T.) is also zero ; thus no current flows 
through the relay. 

When an earth fault occurs at F, or within the protected zone (i.e. left of C.Ts.), the fault 
current passes through the primary of C.T. and the corresponding secondary current passes 
through the relay. Subsequently the relay closes its contacts to disconnect the alternator 
from the system. 

However, if an earth fault occurs at F, (external to the protected zone) the current passes 
through the primary winding of the appropriate current transformer (C.Ts.) and also through C.T. 
‘Thus the two secondary currents are balanced and no current passes through the relay, and it does 
hot operate. 

24.14. Stator Inter-turn Protection 

Merz-Price protection system does not provide protection 
against short-circuit between turns on the same phase, since this 
condition does not cause unbalance between currents in C.Ts. 
pairs. However, it is considered unnecessary to have such pro- 
tection since short-circuits between turns on the same phase in- 
variably develop into earth fault. 

‘The coils of modern large steam-turbine generators usu- 
ally have one turn and hence they do not require turn-to-turn 
protection. 

Inter-turn protection is used for multi-turn generators, such 
as large hydro-electric generators. In case of large generators, 
stator windings are sometimes duplicated in order to carry heavy 
current. 

Fig. 24.4 shows the inter-turn protection arrangement. 
The circuits are divided into two equal parallel groups with a 
current transformer (C.T.) for each group. S, and S, are the du- 
plicate stator windings of one phase only (with a provision against. 
inter-turn faults). 

@ Under normal operating conditions, the currents in the 
stator windings S, and S, are equal and so will be the 
currents in the secondaries of the two C.Ts. The sec- 
ondary current round the loop then is same at all points 
and no current flows through the relay R. If a short-circuit develops between adjacent 
turns, say on S,, the currents in the stator windings S, and S, will no longer be equal and 
a current proportional to the difference will be diverted into the relay operating coil which 
will close the trip circuit and isolate the alternator from the system. 


Fig. 24.4. Inter-turn protection. 
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On neglecting the alternator reactance, we have 
— Sie ses 
60 + Doer 
100 


or, case (so. 2582 


100 ) x 629.8 = 3778.8 + 5.29x 
x=64.9%. (Ans) 

Example 24/ 7. A 11 kV, 3-phase turbo-alternator has a maximum rating of 120 MW at 0.8 p.f. 
and its reactance is 0.12 p.u. It is equipped with differential current protection scheme. It is set to 
operate at fault current not less 600 A. Determine the magnitude of the neutral earthing resistance 
that leaves the 12% of the winding unprotected. 

Solution. Turbo-alternator voltage = 11 kV 

Maximum rating = 120 MW at 08 p.f. 

Alternator reactance ` =0.12p.u. 

Minimum operational fault current, i =600 A 

Percentage of unprotected winding = 12% 

Magnitude of the neutral earthing resistance, r : 


s 
Rated current of the alternator, Z = 7 20 X10. — 7873A 
Ws x 11000 x 0.8 


Relay setting, = 0.0762 


tw 
s= 1^ 7873 
Portion of the winding unprotected = ŠL 


012» es (where, Iy is the current through neutral) 
N 


Ip = 00762x 7873 -4999.36 A 
0.12 
Hence, earthing resistance, r= V=- 0O — 11.270. (Ang) 
Ty V3x499936 

24.1.5. Unbalanced loading of the Alternator 
Unbalanced loading of the stator winding develops negative phase sequence components of 
currents in itself. This causesadditional heating of the stator winding, which is not recommended for 
the sake of life of alternator. Negative sequence current protection scheme is mosty: applied in order 
to sense degree of unbalancing in ètator current. 

24.1.6, Overload (or Overcurrent) Protection 

For alternators, overcurrent protection is not considered necessary, since modern alternators 
are capable of withstanding their complete short-circuit current for sufficient time without serious 
overheating and damage. On such faults these are disconnected manually. 


24.1.7. Failure of Prime-mover 


When the input to the prime-mover fails, the alternator runs as a synchronous motor and 
draws some current from the supply system. This motoring condition is known as “inverted running’. 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 


a 


You have either reached a page that is unavailable for viewing or reached your viewing limit for this 
book. 


964 POWER SYSTEM ENGINEERING 


Ratio of C.Ts. on the high-voltage side : 

For star-delta transformers, C.Ts. will be connected in delta for star-side power transformer 
.e., on 220 V Side) and in star for delta side of power transformer (i.e., on 11000 V), as shown in 
Fig. 24.15. Assume that line current on 220 V side is 500 A. 


YA (Star/Delta) 
220/1000 V 


C.Ts. (in delta) 


Fig. 24.15 
Phase current of delta-connected C.Ts. on 220 V side = 5 A 


Line current of delta-connected C.Ts. on 220 V side = V3 x 5 =5 V3 A. This current of JS A 
will flow through the pilot wires. Obviously this will be the current which flows through the second- 
ary of C.Ts. on the 11000 V side. 

Phase current of star-connected C.Ts. on 11000 V side = 5 /3 A 

IET is the line current on 11000 V side, then, 

Primary apparent power = Secondary apparent power 


or, VB x 220 x 500 = J x 11000 x I 
48 x 220 x 500 

1 I- =10A 
it ¥8 x 11000 


Turn-ratio of C.Ts. on 11000 V side 


=10:5V3 -1155:1. (Ans) 


Example 24.9. A 120 MVA, delta/ star connected, 11/220 kV transformer is to be protected by 
percentage differential scheme. C.Ts. used are of 5000/5 and 4001 1 respectively. Draw the sketch of 
complete scheme. 


Solution. Rating of transformer = 120 MVA ; delta/star connected ; 11/220 kV 
Ratio of C.Ts. on L.V. side = 5000/5 
Ratio of C.Ts. on H.V. side = 400/1 
Rated current for star (220 kV) side 
120x 10° 


= Fx 220x108 * 51494 
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Schemes of bus-bar protection : 

The various schemes of bus-bar protection are : 

1. Differential protection (Bus protective by differential relays) 

2. Fault bus protection. 

3. Bus protection by overcurrent relays. 

4. Static protection. 

5. Overcurrent protection or distance protection as back up protection of bus-bar. 

25.2.1. Differential Protection 

This system of protection of the bus-bars is extensively used in modern power station or 
substations. 


In thts system the currents entering and leaving the bus are totalised. Under normal operat- 
ing conditions, the sum of these currents is zero. However, on occurence of the fault, the fault cur- 
rent upsets the balance and produces a differential current which operates a relay. 


Fig. 25.1. Differential protection-Station bus-bar. 
Fig. 25.1 shows the schematic arrangement of differential (circulating current) protection to 
a station bus-bar. The secondaries of C.Ts. in the alternator load in line-1 and line-2 are connected 
in parallel. The protective relay is connected across this parallel connection. Regardless of the 
capacities of the various circuits, all C.7s. must be of the same ratio in the scheme. 

Under normal load conditions (or external fault conditions), the sum of the currents entering 

the bus isequal to those leaving it and no current flows through the relay and it remains inoperative. 

However, when fault occurs within the protected zone, the currents entering the bus will no 

longer be equal to those leaving it. The differential current (difference of entering and outgoing 
currents) will flow through the relay and cause opening of generator circuit breaker and each of the 
line circuit breakers. 

Circulating current protection to bus-bar can be adopted to discriminate operation on 
duplicate bus-bar. In this case auxiliary switches are mounted on the bus-bar selector 
switches of each equipment and so connected that the current transformer residual cir- 
cuit of the equipments connected to the same set of bus-bars are parallel to the bus-bar 
protective relay controlling that particular zone. 


25.2.2. Fault Bus Protection 


The design of such a station in which the faults that develop are mostly earth faults is feasi- 
ble by providing earthed metal barrier (known as fault bus) surrounding each conductor throughout 
its length in the bus structure. In such an arrangement every fault that might occur must involve a 
connection between a conductor and an earthed metal. The faults can be detected and located by 
directing the flow of earth-fault current. Such a scheme of protection is called fault bus protection. 
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B. = Circuit breaker  C.Ts. = Current translormers. 


Fig. 25.7. Merz-Price protection system. 

Advantages : 

(i) This system can be employed for protection of both ring mains as well as feeders. 

Gi) This system is independent of operating voltage and fault power factor. 

(ii) This system provides instantaneous protection for ground faults, due to which the po 
bility of these faults involving other phases is reduced. 

(iv) This system provides instantaneous relaying which reduces the amount of damage to 
overhead conductors resulting from arcing faults. 

Disadvantages: 

(i) A break in the pilot-wire makes the system inoperative. 

(ii) It is essential to have accurate matching of current transformers. 

(iii) In long transmission lines, charging current due to pilot-wire capacitance effects may be 
sufficient to cause relay operation even under normal working conditions. 

(iv) Owing the constructional difficulties in matching the C.Ts., this system cannot be used 
for line voltages beyond 33 kV. 

2. Translay system. The name "Transiay" relates to the fact that the relay embodies a 
transformer feature. 

© This system is similar to voltage balance system except that here balance or opposition is 

between the voltages induced in the secondary windings wound on the relay magnets and 
not between the secondary voltages of the line current transformers. 

‘This system can be used for protection of single or 3-phase feeders, transformer feeders, 
feeders with a tee-off and parallel feeders against both earth and phase faults. 

Fig. 25.8 shows a simple form of Translay protection for asingle-phase feeder. Under healthy 
conditions, current transformers C.T, and C.T, carry equal currents and the coils 1 and 1’, induce 
equal e.m.fs. in the windings 2 and 2 respectively. These latter windings are in opposition via the 
pilot wires with the operating windings 3 and 3’, in series with them. Thus no forward torque is 
exerted on the disc. When a fault occurs, the current through one C.T. is greater than that through 
the other. A small current circulates through the operating windings and pilot-wires, and when it 
reaches the set value it causes the relay to close the tripping circuit and to isolate the feeder. 
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1 2 3 
; i 7 t 
Fig. 25.15. Carrier blocking scheme. 
The following are the advantages" of carrier blocking scheme : 
(i) The carrier signal is transferred over healthy line. 
(ii) The carrier signal is sent only at fault condition. 


3. Carrier acceleration : 


The carrier acceleration is a scheme where the signal received from a relay at opposite end is 
utilised to extend the first step from 8096 to 13096 of the length of the protected line by shunting the 
timer element of the next zone as shown in Fig. 25.16. 


HIGHLIGHTS 


1. The various schemes of bus-bar protection are : 
(Ù Differential protection. (ii) Fault bus protection. 
(ii) Bus protection by overcurrent relays. (iv) Static protection. 
(v) Overcurrent protection or distance protection as back up protection of bus-bar. 
2. The most common methods of line/feeder protection are : 
(i) Time-graded overcurrent protection. Gi) Differential protection. 


(iii) Distance protection. 
THEORETICAL QUESTIONS 


1. State the importance of bus-bar protection. 
2. State the reasons due to which bus fault occurs in a power system. 
. Name the various schemes of bus-bar protection. 
L Explain the following systems of bus-bar protection : 
(G) Differential protection. Gi) Fault bus protection. 
5. What are the requirements of protection of lines ? 
6. Describe the time-graded overcurrent protection for 
3) Radial feeders ; i) Parallel feeders ; Ring main system. 
7. Describe the differential pilot-wire method of protection of feeders. 
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26.4.1. Process of Lightning Discharge 

The process! mechanism of lightning discharge is as follows : 

When a charged cloud passes over the earth, it induces equal and opposite charges on the 
earth below. Fig. 26.2 shows a negatively charged cloud inducing a +ve charge on the earth below it. 


With the increase in charge of the cloud, the potential between cloud and earth increases and hence 
the gradient in the air also increases. 


Fig. 26.2. Process of lightning discharge. 

e Refer to Fig. 26.2 (a). Immediately after the air near the clouds breaks down, a streamer 
called a leader/ pilot streamer starts from the cloud, and carrying charge with it moves 
towards the earth. The leader streamer with continue moving toward earth so long as the 
cloud, from which it originates feeds enough charge to it to maintain gradient at the tip of 
leader streamer above the strength of air. In case the gradient is not maintained, the 
leader streamer stops and the charge is dissipated without completion of the lightning 
stroke. As such the leader streamer will not reach the earth [Fig. 26.2 (a)]. 

© Refer to Fig. 26.2 (b). The leader streamer is continuing its journey towards earth until it 
makes contact with earth or some object on the earth. As the leader streamer moves 
towards earth, it is accompanied by luminescence which travel in jumps giving rise to 
stepped leaders (their velocity exceeds one-sixth of that of light and distance travelled is 
about 50 m in one step). The stepped leaders have adequate luminosity and give rise to 
first visual phenomenon of discharge. 

© Refer to Fig. 26.2 (c). As soon as the leader streamer reaches near the earth, a return 
streamer shoots up from the earth to the cloud, following the same path as the main 
channel of the downward leader. This phenomenon causes a sudden spark, called ‘light- 
ning’. Owing to neutralisation of much of the negative charge on the cloud, any further 
discharge from the cloud may have to originate from some other portion of it. 

The following points about lightning discharge are worth noting : 

(i) The currents during lightning discharge may be in the range of 10,000 to 90,000 A. 
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| 3. Electrolyte arrester. An electrotype arrester operates on the fact that a thin film of 
aluminium hydroxide deposited on the aluminium plates immersed in electrolyte acts as a high 
resistance to low voltage but a low resistance to voltage above a critical value. Voltages more than 400 
V (critical breakdown voltage) causes a puncture and flow of current to earth. When the voltage 
regains its normal value of 400 V, the arrester again offers high resistance in the path and leakage 
stops. The total critical value of voltage of such an arrester can be increased by arranging a number 
of films one above the other. 

Since these arresters are very delicate, require daily supervision, and the film is required to 
be reformed whenever destroyed, therefore, these have become obsolete now-a-days. 

4. Oxide film arrester. Its operating principle is based on the fact that certain chemicals 
have the property to change rapidly from a good conductor to almost perfect insulator when slightly 
heated. 

It consists of 2.4 mm diameter pellets of lead per oxide with a thin porous coating of litharge 
arranged in a column and enclosed in a tube of diameter of about 6 cm and of height of 5 cm per kV 
of rating. Out of the two leads of the arrester upper is connected to the line, while the lower is 
connected to earth. The tube contains a series spark-gap. A single tube system is available for 
voltages upto 25 kV when the neutral is solidly earthed and 18 kV when neutral is isolated or 
earthed through an inductive coil. For use on higher voltages several units in series are employed 

On the occurrence of overvoltage, an arc passes through the series spark gap and an addi- 
tional voltage is applied to the pellet column and a discharge takes place. After the discharge, the 
resistance of the pellet column increases till only very small current can flow through it. This small 
current is finally interrupted by the series spark gap. 

‘The main advantage of this type of arrester is that it does not require daily charging, and it 
may thus be installed at points on transmission systems where daily attendance is difficult or ex- 
pensive to provide. 

5. Thyrite arrester. It is the most commonly used arrester for the protection against high 
dangerous voltages. 

It operates on the fact that thyrite, a dense inorganic compound of ceramic nature has high 
resistance decreasing rapidly from high value to low value for currents of low value to those of high 
value. The current decreases 12.6 times on doubling the voltage. 

It consists of discs of 15 cm diameter and 19 mm thickness. Both the sides are metal sprayed 
80 as to give electrical contact between consecutive discs. These discs are assembled inside the 
glazed porcelain container. It is used in conjunction with porcelain container. 

On the occurrence of lightning stroke, a voltage is raised and breakdown of gap takes place, 
the resistance falls to a very low value and wave is discharged to earth. After the surge has passed 
the thyrite again comes back to its original position (there being no chemical change occurring 
simultaneously). 

Advantages : 

(i) The thyrite arrester discharges several thousands amperes without the slightest ten- 

dency to flash-over on the edges. 

(ii) There is absolutely no time lag in its performance. 

6. Expulsion type lightning arrester. This type of arrester is also called “protector tube” 
and is commonly used on system operating at voltages upto 33 kV. It is an improvement over the rod 
gap in that it seals the flow of power frequency follow current. Its application is normally limited to 
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is the reactance due to the capacitance of the line to ground. The charging currents Iop, [cy and [cy 
are balanced and their result is zero, and no current flows to the earth. Now consider a phase of earth 
fault in the line B say at point F. Under these circumstances, the faulty line takes up the earth 
potential while the potentials of the remaining two healthy phases and Y rise from phase values to 
line values. The capacitance currents become unbalanced and fault current J, flows through the 
faulty line, into the fault and return to the system via earth and through the earth capacitances Cy 
and Cy. Thus fault current Zp has two components Ipp and /5y which flow through capacitances Cr 
and Cy respectively under the potential differences of Vy and V, respectively. These currents lead 
their respective voltages by 90° and their vector sum is equal to fault current I as shown in 
Fig. 27.2 (b). 


Fig. 27.2. A ground fault in one of the phases of the ungrounded system. 
Since phase voltages are equal, say equal to V,,, and capacitances from line to ground are also 
equal, say equal to Xo we have : 


Ign = VBR = BAAN 
Xe Xe 
48 V, 
Similarly, Iyy l4 = Tx 
and thus, Ip= V3 Igg = 8 ln Se QT) 


From the above discussion, the following conclusions can be drawn : 

1. No zero sequence current. 

2, Little interference with communication lines (since the fault current is small). 

3. In case of one phase becoming earthed the voltages of the remaining two healthy phases to 
earth rise from their normal phase to neutral. 

4. The capacitive current in the faulty phase is 3 times its normal value. 

5. The capacitive current in the two healthy phases increased to /3 times their normal values. 

6. The fault current in the overhead lines may be so small as to render automatic isolation by 
protective means difficult, if not impossible. 

7. A capacitive fault current Ip flows into the earth. Such a current if exceeds 4 A, is sufficient 
to maintain an arc in the ionized path of the fault, even though the medium causing the fault has 
cleared itself. The persistency of the arc due to flow of capacitive current gives rise to a condition 
known as “arcing ground" in which cycle charging and discharging of the system capacity through 
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In the case of star connected systems with earthed neutrals or delta connected systems with 
earthed artificia! neutral point : 

(a) the neutral point shall be earthed by not less than two separate and distinct connections 
with earth each having its own electrode at the generating station and at the sub-station and may 
be earthed at any other point, provided that no interference of any description is caused by such 
earthing ; 

(b) in the event of an appreciable harmonic current flowing in the neutral connections so as to 
cause interference with communication circuits, the generator or transformer neutral shall be earthed 
through a suitable impedance. 

2. Single-phase or extra-high voltage systems shall be earthed in a manner approved by the 
Inspector. 

3, In the case of a system comprising electric supply lines having concentric cables, the exter- 
nal conductor shall be the one to be connected with earth. 

4. Where a supplier purposes to connect with earth an existing system for use at high or 
extra-high voltage which has not either been so connected with earth, he shall give not less than 
fourteen days notice in writing together with particulars to the telegraph authority of the proposed 
connection with earth. 

5. Where the earthing lead and earth connection are used only in connecting earthing guards 
created under high or extra high voltage overhead lines where they cross a telecommunication line 
or a railway line, and where such lines are equipped with earth leakage relays of a type and setting 
approved by the Inspector, the resistance shall not exceed 25 ohms. 

6. In so far as the provisions of rule 61 are consistent with the provisions of this rul 
connections with earth shall also comply with the provisions of that rule. 


HIGHLIGHTS 


The process of connecting the neutral point of a supply system on the non-current carrying parts of 
electrical apparatus to the general mass of the earth in such a manner that at all times an immediate 
discharge of electric energy takes place without danger is called earthíng. 
2. Methods of neutral earthing : 

( Solid earthing 

(ü) Resistance earthing 

(iii) Reactance earthling 

(iv) Arc-suppression coil earthing (Resonant grounding) 

(v) Voltage transformer earthing. 
3. When the access to the existing neutral is not possible or when the system is delta-connected and 
availability of neutral is essential earthed transformers are used to create an artificial neutral. 


i 


1 


THEORETICAL QUESTIONS 


Define the term “Earthing”. 

What are the functions of grounding in power system ? 

State the advantages of neutral grounding of an electrical system. 
What are the objects of earthing. 

What is the necessity of neutral earthing ? Explain. 
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Choose the Correct Answer : 
1. A hydroelectric power station is commonly found in 
(a) desert areas (b) hilly areas 
(c) swamps (d) grasslands. 
2. Bio-gas plants are suitable for 
(a) metallurgical industries (b) commercial complexes 
(c) rural areas (d) coal mines. 
3. Condensers in thermal power plants for condensing 
(a) steam to water (b) water to ice 
(c) hydrogen gas to liquid hydrogen (d) carbon dioxide to dry ice. 
4. Capacitance of a transmission line 
(a) increases (b) decreases 
(c) remains same (d) with increases in its length. 
5. The angle of A, constant of the transmission line normally Hes between 
(a) 90°. (b) 70*—40* 
(c) 40*—10* (d) 10*—0*. 
6. For ome distance e.h.v. transmission line the receiving-end voltage under unloaded condi- 
tion 
(a) much lower than (6) lower than 
(c) equal to than (d) higher than. 
the sending-end voltage. 
7. By inoreasing the transmission voltage to doble & He origini vule (be same power can he. 
despatched keeping the 
(a) equal to original oe (6) half the original value 
(c) double the original value (d) one-fourth of original value. 
8. ACSR conductors have 
(a) all conductors made of aluminium (b) outer conductors made of aluminium 


10. 


il. 


(c) inner conductors made of aluminium (d) no conductors made of aluminium. 
Shunt capacitors in a sub-station 


(a) consume lagging var (b) deliver lagging var 

(c) consume active power (d) deliver active power. 

Wavy structure of pin insulator increases its 

(a) mechanical strength. (b) puncture strength 

(c) flashover strength (d) thermal strength. 

Increase in frequency of transmission line causes 

(a) no change in line reactance (b) increase in line resistance 

(c) decrease in line resistance (d) decrease in line series reactance. 
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Under frequency operation of power systems is undesirable as it causes 
(a) damage to hydro units (6) damage to thermal units 
(c) increased line charging requirements (d) reduces the line reactance. 
Back-to-back HVDC is used to 

(a) increase the transmission capability (b) decrease line losses 


(©) provide stable interconnection (d) reduce voltage drop. 
Most of the steam turbo alternators are wound for 

(a) two poles (b) ten to twenty poles 
(c) twenty to thirty poles (d) six poles. 


If the frequency of a transmission system is changed from 50 Hz to 100 Hz, the string effi- 
ciency 

(a) will increase (b) will decrease 

(c) remains unchanged 

(d) may increase or decrease depending on the line parameters. 

‘The surge impedance of 50 miles long under-ground cable is 50 ohms. For a length of 25 
miles, the impedance will be 


(a) 26 ohms (6) 50 ohms 
(c) 100 ohms (d) 12.5 ohms 
(e) none of these. 


In order to have lower cost of electrical energy generation it is required to have 

(a) low load factor and diversity factor (b) low load factor but high diversity factor 
(c) high load factor but low diversity factor (d) high load factor and high diversity factor. 
Shunt compensation in a EHV line is resorted to 

(a) improve the stability (b) reduce the fault level 

(c) improve the voltage profile 

(d) as a substitute to synchronous phase modifier. 


The size of conductor on modern EHV lines is obtained based on 

(a) voltage drop (b) current density 

(c) corona (d) skin effect. 

(e) none of the above. 

The presence of earth in case of overhead lines. 

(a) increases the capacitance (b) increases the inductance 
(c) decreases the capacitance (d) decreases the inductance. 
Phase modifier is normally installed in the case of 

(a) short transmission lines (b) medium length lines 

(c) long length lines (d) all length of lines. 
Increase in temperature in overhead transmission lines causes 

(a) increase in stress and length (b) decrease in stress and length 


(c) decrease in stress bot increase in length (d) none of the above. 

High voltage long lines are transposed because then 

(a) corona losses can be minimised (b) computation of inductance becomes easier 
(c) voltage drops in the lines can be minimised 

(d) phase voltage imbalances can be minimised. 

If the separation between the three phases of a transmission system is increased then 
(a) the inductance will increase and capacitance will remain unchanged 

(b) both the inductance will increase and the capacitance will decrease 
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197. 


198. 


199. 


205. 


The transfer of power between two stations is maximum when the phase displacement be- 
tween the voltage of two stations is 

(a) zero (b)90* 

(c) 120* (d) 180*. 

A 100 MW alternator is connected to an infinite bus and its excitation is increased, then the 
terminal voltage of the alternator will 

(a) rise ©) fall 

(c) remain unaltered. 

For bulk power transmission over long distance HVDC transmission is 

(a) economically and technically superior to a.c. transmission 

(b) not a good alternative to a.c. transmission 

(c) not economically viable. 

Series capacitors on transmission lines are of the little use when 

(a) the load VAR requirement is small 

(b) the load VAR requirement is large 

(c) the load VAR requirement is fluctuating 

(d) Series capacitors are never used on transmission lines. 

Transmission of power by a.c. cables is impossible beyond 


(a) 34-45 km (5) 500 km. 
(c) 300 km, 
Inductance of a transmission line is of the order of 
(a) 1 H/km. (b) 1 mH/km. 
(c) 15 mH/km. 

- Standard domestic a.c. supply voltage in India is 
(a) 220 volt. (6) 230 volt 
(c) 240 volt. 


. The total instantaneous power in a balanced three phase line 


(a) varies at power frequency (b) varies at twice the power frequency 
(c) is constant, independent of time. 

A large diversity factor of the load in a power system 

(a) reduces the installation cost (b) increases the installation cost 

(c) does not affect the installation cost. 

In a nuclear reactor thermal energy is obtained from 

(a) fission of radioactive materials (b) fasion of radioactive materials 

(c) burning of the fuel rods in oxygen. 

Inductance of an overhead line, in comparison to that of a cable of same capacity is 
(a) larger (b) smaller 

(c) of the same order. 


. Proximity of a line to the earth surface 


(a) does not affect its capacitance to neutral 
(b) increases the capacitance to neutral 
(c) decreases the capacitance to neutral. 


. Fora given conductor the value of GMR is 


(a) larger for capacitance calculation (b) large for inductance calculation 
(c) same for both capacitance and inductance calculation. 
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Efficiency is secondary consideration in case of 

(a) peak load plants (b) base load plants 

(©) both peak load and base load plants (d) none of the above. 

For the same plant size, initial cost of which plant is the highest ? 

(a) steam power plant (b) diesel power plant 

(©) nuclear power plant (d) gas turbine plant. 

The fact that a conductor carries more current on the surface as compared to core, is known 
as 


(a) skin effect (b) corona 
(c) permeability (d) unsymmetrical fault. 
Presence of ozone as a result of corona is harmful because 
(a) it gives bad odour (b) it corrodes the material 
(c) it transfers energy to the ground (d) reduces power factor. 
In a transmission line having negligible resistance, the surge impedance is 
(a) JL «C b) CL 
I 
© " @ JUC. 
For 11 kV line, the capacitance per km per phase will be of the order of 
(a) 1 Farad (b) 0.10 Farad 
(c) 0.01 Farad (d) 0.01 pF. 
Which di ibution system is more reliable ? 
(a) ring main system (b) tree system 
(c) radial system (d) all are equally reliable. 
The function of steel wire in an ACSR conductor is 
(a) to take care of surges (b) to prevent corona. 
(c) to reduce inductance (d) to provide additional mechanical strength. 
For a 66 kV line having span of 200 metres between towers, the approximate sag will be : 
(a) 0.02 m (b)02m 
()2m (d) 20 m. 
In a sub-station the equipment used to limit short circuit current level is 
(a) series reactor (6) coupling capacitor 
(c) lightning switch (d) isolator. 
A 30 km transmission line carrying power at 33 kV is known as 
(a) short transmission line (b) long transmission line 
(c) high power line (d) ultra high voltage line. 
The permissible voltage variation in a distribution system is 
(a) 0.1 (5)2 19 
(©) 210% (d) «20x. 
750 kV is termed as 
(a) medium high voltage (b) high voltage 
(c) extra high voltage (d) ultra high voltage. 
The sag of a transmission line is least affected by 
(a) self weight of conductors (b) temperature of surrounding air 


(c) current through conductor (d) ice deposited on conductor. 
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